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Abstract

In this PhD work we study the optical properties of anisotropic (Cd,Mn)Te magnetic quan-
tum dots inserted in ZnTe nanowires. The quantum dots containing typically 10% of Mn
spins are elongated along the nanowire axis which tend to stabilize a light hole ground state
with a spin susceptibility perpendicular to the nanowire axis. The main goal was to study the
formation of exciton Magnetic Polarons in such quantum dots and to determine their mag-
netic anisotropy. We investigate first the optical properties of ZnTe and ZnTe/(Zn,Mg)Te core
shell nanowires. We model the elastic strain profile in core-shell nanowires and in elongated
quantum dots. From the strain profiles, we estimate the value of the light hole heavy hole
splitting expected in the dot and in the nanowire. In a second step we study single nanowires
containing magnetic and non magnetic quantum dots by magneto-optical spectroscopy. The
exchange interactions between confined carriers and Mn spins induce a large Zeeman shift
of the exciton line (Giant Zeeman Effect). To extract quantitative parameters, we combine
different experimental techniques (photo and cathodoluminescence, energy dispersive X
ray spectroscopy) on the same nanowire. We use also different magnetic field orientations
in order to determine the hole anisotropy in the dot. The experimental values are smaller
than the theoretical ones suggesting a weak confinement of the holes in the dot due to a
small (Cd,Mn)Te/ZnTe valence band offset. In a third step we study nanowires containing
(Cd,Mn)Te quantum dots surrounded by a (Zn,Mg)Te alloy. Thanks to the better hole con-
finement induced by the (Zn,Mg)Te alloy, the formation of exciton magnetic polarons can
be observed. We perform time resolved photoluminescence studies on single nanowires in
order to determine the energy and the formation time of magnetic polarons from 5K to 50K.
The quantum dot emission line shows an unusual Zeeman shift, characteristic of a light hole
magnetic polaron. We develop a theoretical model describing the formation of exciton mag-
netic polaron in quantum dots. We use this model, based on the free energy and valid for
any temperature and magnetic field, to fit the whole set of experimental data. It allows us to
determine the characteristic parameters of the light hole magnetic polarons (energy, orien-

tation and magnitude of the magnetic moment, exchange volume, hole anisotropy).
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Introduction

The so called "Spintronics” research started to be strongly investigated since the dis-
covery of spin-dependent electron transport phenomena in the 1980s. The possibil-
ity to use both the charge and the spin of electrons have attracted attention thanks to
the discovery of the giant magneto-resistance effect, originated by spin-dependent
scattering of electrons diffusing in thin metallic films [1]. The possibility of gener-
ating spin-polarized currents, passing through a magnetic material, leaded to the

concept of spin field-transistor as proposed in [2].

Spin-polarized electron currents for data-storage or optoelectronic applications, can
be obtained by using Diluted Magnetic Semiconductor materials (DMS): these are
semiconductor alloys in which magnetic impurities, such as Fe, Co and Mn (with
concentration less than 20% to keep the semiconductor properties of the alloy), are
incorporated randomly in the crystal. The exchange interactions between free car-
riers and spins can lead to carrier-induced ferromagnetism as, for example, in Mn
doped I1I-V [3] and II-VI [4] alloys. It has been shown in (Cd,Mn)Te quantum wells [5],
that a ferromagnetic phase can be obtained and manipulated by photon illumination
or bias voltages by modulating the carrier density in interaction with Mn spins. The
highest critical temperature (Curie temperature T¢) obtained so far in (Ga,Mn)As al-
loy is T¢=200K. Despite a lower T¢, (Cd,Mn)Te compounds have attracted a large
interest among the DMS family, thanks to the easier fabrication and incorporation
of magnetic atoms by means of Molecular Beam Epitaxy (MBE). Mn atoms have an

electronic structure (4s23d°). In II-VI DMS, they substitute the group II element and
5
2
are paramagnetic materials. Carriers have to be introduced by doping or using a

introduce localized spins S = 3 randomly in the crystal. Without carriers, II-VI DMS
photoexcitation in order to polarize Mn spins. In contrast to III-V DMS (Mn is an ac-
ceptor and introduces both a localized spin and a hole), this offers the opportunity
to control independently Mn spins and the carriers in low dimensionality nanostruc-

tures.
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Single Spin Ferromagnetic Nanodomains
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FIGURE 1: From single ion characterization to ferromagnetic order!

The discovery of Molecular Beam Epitaxy (MBE) in 1970s and the fast progresses in
the micro-fabrication techniques, starting from 1980s, stimulated the development
of hetero and nanostructures. The use of nanostructures allowed to spatially local-
ized carriers, in nanometric volumes (of the order of 100nm?). The ultimate limit of
spatially localization is the 0D confinement: such structures are called quantum dots
and can be considered as "artificial atoms” thanks to the discretization of the energy

levels.

II-VI DMS nanostructures are the perfect candidates to study the exchange inter-
actions between 0D confined carriers and localized spins. Thanks to the reduced
dimensionality, it is possible to localize and control carriers or electron-hole pairs
(excitons) that will be coupled, by exchange interactions, with magnetic Mn atoms.
This gives us, the possibility to study the coupling of a few electron-hole pairs with a
large number of Mn spins [6] (typically 10! to 10° spins for an alloy with a Mn con-
centration of about 10%) or with a single Mn atom [7, 8]. Intensive studies have been
done on 0D confined charge or excitons in concentrated II-VI DMS ((Cd,Mn)Te for
example). In these systems, the exchange interactions between the localized carriers
and Mn spins induce a Mn spins polarization within the charge or the exciton con-
finement volume: this local Mn spins polarization is called Magnetic Polaron (Mn
spins which are not localized within the exciton or charge Bohr radius remain not
polarized in zero field). The Magnetic Polaron formation has been observed first in
II-VI bulk crystals, with a localized charge [9-11] (electrons on donors or holes on
acceptors) polarizing the Mn spins (Bound Magnetic Polaron). Several experimental

studies have been done also with magnetic self-assembled quantum dots where the
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magnetic order is induced by a 0D confined exciton [12] (Exciton Magnetic Polaron).

Both systems have limitations:

* In the case of bulk crystals, the position of donors and acceptors are random
and the Bohr radius is fixed by the Coulomb potential. In self assembled quan-
tum dots the polarization volume is determined by the confinement poten-
tial which may be modulated by the quantum dot shape. Due to the self-
assembled quantum dots growth mechanism, it is extremely difficult to control
the quantum dot shape. Self assembled quantum dots are flat, with a typical

diameter (D) of 20nm and a height (L) of few nm.

* Another strong limitation of these structures is that, without being able to con-
trol the quantum dot shape, it is not possible to choose the orientation of the
polaron magnetic moment via the hole anisotropy. In DMS alloys with a large
spin orbit coupling, holes have a total kinetic momentum J = % In anisotropic
quantum dots, the kinetic momentum degeneracy is lifted and the hole ground
state is split into a heavy hole and a light states. Flat quantum dots (%<1) pro-
mote heavy hole ground states with a large hole spin susceptibility along the
growth axis. Elongated quantum dot (%>1) promote light hole ground state

with a large hole spin susceptibility perpendicular to the growth axis.

The splitting (AE) between the heavy hole and light hole level defines the hole anisotropy
and hence the exciton anisotropy (confined electrons have an isotropic s:% spin).
The hole anisotropy induces the magnetic one: in the case of a heavy hole Magnetic
Polaron the orientation of the magnetic moment will be along the growth axis while
for a light hole Magnetic Polaron the magnetic moment is oriented in the plane per-
pendicular to the growth axis. The control of the energy splitting AE is then a really
important parameter of the dots for future applications like DMS based magnetic

memories.

By contrast to self assembled quantum dot growth, the nanowire growth mechanism
gives the possibility to control the quantum dot shape: the quantum dot diameter
is controlled by the size of the gold droplet (the growth catalyzer) while the height
depends on the growth time. By controlling the quantum dot shape, we can choose
the aspect ratio % and hence determine the preferential orientation of the magnetic
moment. The hole anisotropy can be also affected by the elastic strain. In core-shell

hetero-structure, as the ones studied in the present work, the differences between
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the lattice parameters of the different materials induce complex elastic strain pro-
files which affects the anisotropy of the hole confined in the dot. Core-shell structure
allows us also to passivate the surface, increasing then the emission efficiency [13], or
to insert charges, in the quantum dot, by doping the shell (PhD Marta Orrd). The in-
sertion of charges in a magnetic quantum dot offers the possibility to have a perma-
nent Magnetic Polaron and hence a superparamagnetic order of the spins. Another
interesting property of using nanowires, instead of bulk crystals or self assembled
quantum dots, is that we can easily characterize and manipulate them with an elec-
tronic microscope and then perform different types of measurements on the same
nanowire (for example EDX and TEM analysis, cathodoluminescence and micro-

photoluminescence measurements, as done during my PhD work).

The aim of my PhD work was to study the optical properties of magnetic (Cd,Mn)Te
quantum dot inserted in ZnTe nanowire and to analyze the exchange coupling be-
tween exciton and Mn spins that manifests itself through the Giant Zeeman effect.
The final objective was to observe Magnetic Polaron in highly concentrated (Cd,Mn)Te
anisotropic quantum dots, to determine the nature of the hole ground state and the

value of the hole anisotropy (AE).

Outline of the manuscript

In the first Chapter we recall the structural and electronic properties of II-VI semi-
conductors materials. In a first part, we give a brief review of the properties of II-
VI magnetic and non magnetic nanostructures highlighting the interest on studying
them by means of optics. After we will explain the MBE growth process, used to real-
ize the samples studied during this PhD work (done by Pamela Rueda-Fonseca [14]
and Marta Orrt). In a second part we recall the common model used to describe
the Giant Zeeman effect, in a magnetic (Cd,Mn)Te quantum dot, using a Kondo-like
exchange Hamiltonian, a Mean Field Approximation (MFA) and a Virtual Crystal Ap-
proximation (VCA). Then we recall the model ("Exchange Box Model”) commonly
used to describe 0D Magnetic Polaron. This model describes the Magnetic Polaron
properties as function of temperature and applied magnetic fields. In self assembled
quantum dot, the model is applied to heavy hole Magnetic Polarons with magnetic
field applied parallel to the growth axis. We will extend this model to the case of light

hole Magnetic Polaron and to arbitrary orientations of applied magnetic field. In the
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last part of the Chapter we describe the experimental set-ups and the patterned sup-

ports used to perform single nanowire studies.

We start the second Chapter by discussing the elastic strain that affects nanowire
nanostructures (core-shell and quantum dot inserted in a nanowire). We explain how
to evaluate the effect of such elastic strain by solving the Lamé-Clapeyron-Navier
equation. From the calculated strain profiles, it is possible to determine the fun-
damental state in the quantum dot ((Cd,Mn)Te in our case) and the energy splitting
between the heavy hole and light hole levels (the hole anisotropy described by the en-
ergy splitting AE). In a second part we present the different samples that have been
characterized by optical spectroscopy in zero field using exciton spectroscopy and
time resolved photoluminescence experiments. We show also the cathodolumines-
cence experiments done to spatially localized the quantum dot along the nanowire.
In conclusion of this Chapter, we present an original experiment that uses Fourier
microscopy (collaboration with Mathieu Jeannin and Gilles Nogues) to reveal, in zero
field, the hole character (heavy hole or light hole) of a confined quantum dot inserted

in a nanowire.

In the third Chapter we analyze the exchange coupling between carrier and Mn spins
in different ZnTe nanowires containing a single (Cd,Mn)Te quantum dot with a Mn
concentration of 10%. Under magnetic field, we observe large exciton photolumi-
nescence red shifts. The quantitative analysis of the exciton Zeeman shift (especially
the ones obtained with the nanowire characterized both in optics and in TEM-EDX)
with the Giant Zeeman effect model introduced in Chapter 1 allows us to extract the
Zeeman shifts at saturation for electrons and holes. By analyzing magneto-optical
experiments done with different magnetic field orientations (parallel and perpen-
dicular to the nanowire growth axis) we succeed to estimate the quantum dot hole

anisotropy AE.

In the fourth Chapter we present the measurements done on nanowires contain-
ing a single (Cd,Mn)Te quantum dot surrounded by a (Zn,Mg)Te shell. For the first
time, we observed the formation of a light hole Magnetic Polaron. We show how
to extract all the Magnetic Polaron parameters by combining different experimental
techniques such as time resolved measurements, temperature studies and magneto-
optical photoluminescence. To explain the experimental results, we develop a theo-
retical model based on the calculation of the total free energy. We use this model to
reproduce all the experimental measurements with the same set of fitting parame-

ters. This type of model was introduced, for the first time, to calculate the Magnetic
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Polaron energy associated to donors in (Cd,Mn)Se bulk crystals [9, 15]. In our case,
we extend it to quantum dots. We keep the "Exchange Box Model” approximation
but we relax the MFA one. This model is applied to an exciton Magnetic Polaron
and takes into account the hole anisotropy succeeding to determine the magnitude
and orientation (respect to the growth axis) of the polaron magnetic moment for any

value of the applied magnetic field and at any temperature.



Chapter 1

Properties of (Cd,Mn)Te magnetic
quantum dot inserted in ZnTe

nanowire

1.1 Introduction

In this Chapter we are going to present the system constituted by (Cd,Mn)Te quan-
tum dot inserted in ZnTe nanowire. Figure 1.1shows a scheme of a typical nanowire

studied in this thesis.

Legend

Au

ZnTe

FIGURE 1.1: Scheme of the system studied in this thesis
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As mentioned in the Introduction, the samples were grown by Pamela Rueda Car-
olina Fonseca and all the details concerning the growth of the nanowires could be
found in [14]. The realization of (Cd,Mn)Te quantum dot inserted in ZnTe nanowires
was a completely new task and it required difficult and different intermediate steps.
First we checked the good crystal quality of the ZnTe nanowires where, for the first
time, the exciton photoluminescence signal was measured|[16].

As a second step, CdTe quantum dots were inserted in the ZnTe nanowire: a full opti-
cal characterization was done by Petr Stepanov [17]. Antibunching (up to 100K) has
been observed, proof of a single photon emission [18], showing the good quality of
the CdTe quantum dots.

Finally Mn atoms were added inside the CdTe quantum dots and the goal of this the-
sis was to study the optical properties of such a system.

This Chapter is organized as follows: in the first part we briefly present the crystal
and electronic properties of II-VI semiconductors.

In the second part we will present a review of the main optical and magneto-optical
results that have been observed with II-VI nanostructures.

In the third part we first introduce what is a Magnetic Polaron state in Diluted Mag-
netic Semiconductors (DMS) and we will present some experimental examples where
this state has been observed. In the last part we will show how to model the differ-
ent nature of Magnetic Polaron state (light hole and heavy hole one) under different

configurations of applied magnetic field.
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1.2 Properties of II-VI nanostructures

The system (Cd,Mn)Te/ZnTe belongs to the II-VI semiconductors family: it is in fact
composed by elements from the II column of the periodic table (Cd, Zn, Mn) and one
element (Te) from the VI column. Group II elements have two valence electrons on
their external s-shell while the group VI elements have six valence electrons, two on
a s-shell and four on a p-shell. The II-VI alloy is formed by covalent bonds.

The typical crystalline structures of a II-VI alloy is shown in Figure 1.2.

a) ZB b) Wz

C
[000-1]
[100
@10 @ 2Zn,Cd, Mn b b ")ﬁ’zu}
[0011 @ Te Se o e [1'100]

FIGURE 1.2: a) Zinc-blende (ZB) and b) Wurtzite (WZ) crystal structure of II-VI semi-
conductors taken from [14]

Asyouwill see later on, our samples present two different types of nanowires: cylinder-
shaped nanowires with a wurtzite crystalline structure and cone-shaped nanowires
with a zinc-blende one. In this thesis, we will study nanowires with a zinc-blende
(ZB) structure (see Figure 1.2a): the wurtzite type nanowires are less abundant on
the as-grown sample and they remain to be fully characterized.

The zinc-blende symmetry is the typical crystalline bulk structure of ZnTe, CdTe,
(Zn,Mg)Te and (Cd,Mn)Te alloys. It consists of two cubic lattices, one composed by
the IT elements and the other one, shifted by i of the distance along the (111) direc-
tion, by the VI elements.

In the following table we remind the different lattice parameters of some II-VI com-

pounds:

ZnTe | CdTe | MgTe | MnTe
a(Ad) | 6.104 | 6.481 | 6.42 6.337
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1.2.1 Diluted Magnetic Semiconductor (DMS) in heterostructures

Diluted Magnetic Semiconductor materials (A;_,B,C) are compounds where a frac-
tion x of the cations is substituted by magnetic atoms (in this thesis Mn atoms) and
hence the alloy will acquire magnetic properties. This class of new materials would
lie then in between magnetic and semiconductor materials.

Another very useful properties of DMS materials is that it is possible to integrate
them into heterostructures and realize different types of configurations. For example
by playing with their shape factor it is possible to control the anisotropy of the system
(see Chapter 2).

The final goal in the realization of DMS, is to obtain ferromagnetic order at room
temperature: this property could be used to realize for example new spin valves and
integrate them in semiconductor heterostructures for electronic or optoelectronic
applications [19].

To achieve a ferromagnetic order inside the DMS material, it is necessary to couple
the carriers with the magnetic atoms. To have a stronger ferromagnetic order it is
needed to optimize the overlap between the carrier envelop function and Mn spins:
it is in fact the exchange interaction between the carriers and the magnetic atoms
that originates the ferromagnetic order. One solution to control the spatial localiza-
tion is to use quantum confinement: this effect limits the motion of the carriers along
any spatial directions and confines the carriers also in very small volumes (with the
sizes of the Bohr radius).

There are different ways to obtain quantum confinement: it is possible to create
small particle of DMS (colloidal quantum dots) or inserting a DMS with a small band
gap inside a larger band gap semiconductor.

By playing with the different band gaps (see Figure 1.3), it is possible to confine the
carriers in 2D (quantum well), 1D (quantum wire) and 0D (quantum dot) nanostruc-

tures [20].

From Figure 1.3 we see that by reducing the dimensions, one confines the carriers
that have then discrete energy band dispersions.

In the case of a 0D confinement, we are in the presence of the so called "quantum
dot”. The first discrete energy state is called exciton and it is a state formed by an
electron and a hole that are coupled by Coulomb interaction. The excited state of the
quantum dot will be constituted by an higher number of electrons and holes but as
these particles are fermions of total angular momentum projection i% (electrons),

i% (heavy holes), i% (light holes) it is possible to have at maximum two carriers on
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F1GURE 1.3: Different confinement properties and relative energy dispersion, taken
from [21]

the same confined level due to the Pauli exclusion principle. The ground state and

some excited state of a quantum dot are shown in Figure 1.4.

Barrier QD  Barrier Barrier QD Barrier Barrier QD  Barrier
CB CB CB
)
X X Xt
e — e
VB VB VB
Barrier QD  Barrier Barrier QD  Barrier
CB CB
e
e
XX X3
e e
e
VB VB

FIGURE 1.4: Different types of quantum dot states

The exciton can coexist with an extra carrier (negatively charged exciton in the case
of an electron, positively charged exciton for a hole) with then a different emission
energy, shifted at lower or higher energy compared to the neutral exciton state (due

to the different Coulomb interaction).
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The biexciton is a state where two excitons are populating the quantum dot while the

triexciton is composed by three excitons.

1.2.2 Electronic Properties

In solid state physics, the band theory is used to calculate the energies of carriers: in
the approximation of a perfect and infinite crystal, the energy levels of carriers are
described by Bloch states grouped in bands or energy bands [20].

The two elements that compose II-VI semiconductor materials, have eight external
electron levels (two type s and six type p orbitals). Hybridization of these atomic or-
bitals leads to four populated bounding states (one s and three p orbitals) at lower
energies and four empty anti-bounding states at higher ones (one s and three p or-
bitals). The lowest empty state is the anti-bonding s orbital: the conduction band.
The valence band is constituted by the three bonding p orbitals. The exact calcula-
tion of the band structure has been done in the k- p approximation by G. Fishman
and can be found in [22]. In Figure 1.5 we show the band structure of CdTe that is
a direct bandgap semiconductor: the maximum of the valence band and the min-
imum of the conduction one are in the center of the Brillouin zone at k = 0 (the T

point).

s

FIGURE 1.5: Electronic band of a CdTe compound where in dash is highlighted the
parabolic approximation (see text)

We are interested to the ground state of the system and then to the proximity of the I

point. The dispersions of the bands around this point can be treated with a parabolic
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approximation: the conduction band has spin projection o, = i% (with I's symme-
try) and is splitted by the bandgap energy E, from to the valence band (with I'g sym-
metry) (see Figure 1.5). The I'; subband can be not considered because the spin-
orbit coupling Ay, is large in CdTe . The valence band (I's symmetry) is composed
by two subbands associated to a total kinetic momentum J = %: the heavy hole sub-
band correspond to spin projection J, = i% while the light hole one correspond to
spin projection J, = J_r%. By symmetry considerations, it is possible to describe the
valence band around the I' point by using the Luttinger Hamiltonian [23] and calcu-
late an expression for E(k) in the second order in k (parabolic approximation). The

dispersion of the bands, in the parabolic approximation is given by:

2
E(K) = E(k=0) +

o (1.1)

Where m™ is the effective mass. In CdTe, for the conduction band the effective mass

of the electron is isotropic and is equal to:

m, =0.1mg (1.2)

Where my is the free electron mass. For the heavy hole and light hole masses it de-

pends on the direction of k. In (001) direction the effective masses are [24]:

my, =0.6mg, mj, =0.12my (1.3)

While in the (111) the effective masses are given by [24]:

my, =0.69my, my, =0.11mq (1.4)

When working with heterostructures of reduced dimensionality we have other effects
that affect the electronic properties of the system. It is better to always have in mind

the electronic properties of the different compounds (see Figure 1.6).

The composition of different alloys used in the structure (in our case (Cd,Mn)Te

quantum dot in ZnTe nanowires) leads to strain effects (originated by the differences
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MgSe MgTe

Band Gap Energy (eV)

Lattice Parameter (A)

FIGURE 1.6: Band gap energy variation, at T = 4K, as a function of the lattice pa-
rameter for different semiconductor alloys (filled and empty symbols correspond
respectively to direct and indirect band gap materials)

of the lattice parameters): these affect the bandgap and hence the emission prop-
erties of such systems [20]. When we study heterostructures by means of photolu-
minescence we have then to take properly into account the effect of strain (a more
detailed analysis on the strain in different heterostructures geometries will be pre-
sented in Chapter 2).

In the following table we report the main informations, concerning the electronic

properties, that we will use in this thesis.

ZnTe | CdTe | MgTe | MnTe
a(d) 6.104 | 6.481 | 6.42 | 6.337
Eg (meV) | 2391 | 1606 | 3600 | 3198

For ternary alloys (A;_,B,C), the lattice parameter a can be deduced by using the
Vegard’s law [25] leading to:

a(A;-xBxC) = (1-x)a(AC) + xa(BC) (1.5)

The bandgap (Eg) of a ternary alloy (A;-,B;C) presents a non linear behaviour with

the composition x and can be calculated by using the following expression:
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EJPC(x) = 1 - x)E{C + xEJC = bapcx(1-x) (1.6)

where b is the bowing parameter that is determined experimentally. In the following
we give the expressions for the band gap variation of the compounds used in this

thesis.

E¢(Cd;-xMn,Te) = 1606 + 1592x (1.7)
Eg(Zn;_,Mg, Te) = 2391 +959x + 250x° (1.8)

By using equations 1.8 we can reconstruct the expected band profiles for an un-

strained (Cd,Mn)Te quantum dot inserted in a ZnTe nanowire (see Figure 1.7).

No Strain : E,(CdTe) =1606meV
cp 2Te_i(CdMn)Te  znTe E,(ZnTe)=2391meV
1 E,(MnTe) =3198meV
Ve E,(MgTe) =3600meV
< electron
2391meV 'y .
1756meV§ E,(Cd,,Mn,Te) = 1606 + 1592x
y i : E,(Zn, Mg, Te) =2391+537x + 270X’
VB ——X fhole 500meV < Vg < 600meV.
i i -50meV <V, < 50meV

With V>0 => hole confinement!

FIGURE 1.7: Band profiles for an unstrained (Cd,Mn)Te quantum dot in a ZnTe
nanowire

Where the position of the valence and conduction band offsets have been estimated

and taken from [17].

1.2.3 Semiconductor in a magnetic field: Zeeman effect

We saw that the ground state of a quantum dot (exciton) is a state composed by an
electron hole pair: the electron has a spin projection i% while the hole has a total
kinetic momentum projection i% (heavy hole) and i% (light hole). The two-fold de-

generacy of the spin will be lifted by the application of a magnetic field: this is the so



Chapter 1. Magnetic Polaron in anisotropic quantum dots 16

3000
2673 mev || 2942 meV
a0l 2466 meV |
‘ E,
e 3600
S
Q — E Eg
{5
= 2391 %
— 1000} | 5
> "G
y 1606
3 500+
LE v 75 meV
0_—!
500+ -525 meV ) 58 meV
CdTe ZnTe MnTe MgTe

-1000

FIGURE 1.8: Band offsets for some II-VI compounds, image taken from [17]

called Zeeman effect [26].
If we consider an electron and a heavy hole, the Zeeman Hamiltonians that describe

the interaction with the applied magnetic field are given by:

H, = gelJBE “Oe (1.9)
Hpp = ghnpsB - Thn (1.10)

Where 5 is the Bohr’s magneton, &, and Jj, are the spin operators for electron and
hole and g, gy, are the corresponding Landé factors. If for example we consider an
exciton with a heavy hole ground state (J,, = +3) we can trace the Zeeman splitting

induced under magnetic field (see Figure 1.9).

The two optically allowed transitions are circularly polarized and they have different

energies. The increasing of the energy separation between two degenerated states

with the magnetic field is not more than 0.1 mTeV. This effect is very weak compared

to the Giant Zeeman effect induced by the exchange coupling with Mn atoms, as you

will see in the next paragraph.
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FIGURE 1.9: Zeeman effect in a quantum dot with a heavy hole ground state, image
taken from [17]

1.2.4 DMS in a magnetic field: Giant Zeeman effect (GZE)
1.2.4.1 Spin polarization of the magnetic impurities

For the samples studied in this thesis, it has been chosen to incorporate Mn atoms
inside the CdTe leading to a A;_xMn,C DMS alloy. Mn is an element of the II column
of the periodic table: it has an electronic structure [Ar]3d® 4s? that has two valence
electrons and 5d electrons with a spin state S = %

In this Section we will show how we can model the behaviour of the magnetic impu-
rities under an applied magnetic field.

The Zeeman Hamiltonian describing the interaction of the Mn atoms with an applied

magnetic field is given by:

—

Hyin = 8vunptzS-B=-M-B (1.11)
where § is the spin operator of the Mn atom and gy, is the Landé factor given by:

g:1+](]+1)+S(S+1)—L(L+1) (1.12)
2JjJ+1)

Where, in the case of Mn atoms, L=0and S = % leading to gnsy, = 2.
Assuming a paramagnetic behaviour of the Mn atoms, it is possible to calculate the
average magnetization (S;) (for an applied magnetic field along the z axis), after hav-

ing defined the partition function of the system (see Appendix A).
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BS
(S2) = —SBs (M)

1.13
ks T (1.13)

Where B 5 is the Brillouin function for a particle with S = g (see Appendix B).
Assuming that each cation site of the lattice, defined by R;, is occupied whether by
one Mn atom (x; = 1) or by a Cd one (x; = 0), the projection on the z axis of the total

magnetization is given by [27]:

M (F) ==Y x;0 (F— Ri) §mnitnSzi (1.14)
i

It is possible now to do some approximation to retrieve an easier expression of the
projected total magnetization. If we use the Mean Field Approximation (MFA, S,; re-
placed by its value at thermal equilibrium (S.;)) and a Virtual Crystal Approximation
(VCA, x; replaced by x where x denotes the average number of cation sites occupied
by the Mn atoms and the Dirac function is replaced by the volume density of cation

sites Ny) we have:

BS
(M) = —gMn,UBXNOSBg (M)

1.15
ks T (1.15)

When the Mn concentration inside the DMS semiconductor is high, there are devia-
tion from the Brillouin function (equation 1.15) due to the anti-ferromagnetic inter-
actions between nearest and more distant neighbors Mn atoms. The effect of these
interactions is modeled by a modified Brillouin function (valid at low temperature)
introduced by J.Gaj, R. Planel and G. Fishman [28]:

gmnUBBS

gvniBBS )
kp (T + Thr)

| =-M.,B
ks (T + Tap) sat 5(

2

(Mz) = —8MnMBXef fNoSBs ( ) (1.16)

2
Where Msar = §unlBPeffS With perr = NoXeff, Xefr is the volumetric Mn concen-
tration (Mn atoms that are not coupled by anti-ferromagnetic interactions). Tar is
the anti-ferromagnetic temperature that takes into account the anti-ferromagnetic
coupling between nearest and more distant neighbors Mn atoms. We trace x. sy and

Tsr as a function of the Mn concentration in Figure 1.10.

When magnetic atoms are introduced inside a DMS compound, these atoms don’t

interact just with the applied magnetic field (as we have seen so far) but they interact
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FIGURE 1.10: a) x.¢ as function of the Mn concentration [28, 29] b) T4r as function
of the Mn concentration, image taken from [17]

also with the carriers which in turn are interacting with the magnetic field. In the

next Section we will show how to calculate the effect of this coupling.

1.2.4.2 Photoluminescence Zeeman shifts for a light hole and a heavy hole tran-

sition

We will show now how to calculate the photoluminescence Zeeman shifts of a light
hole and heavy hole exciton in order to compare the experimental values with the
theoretical ones.

The coupling between the carriers and the magnetic impurities is a direct exchange
interaction and is called sp-d exchange interaction. It involves in fact a ferromagnetic
s-d interaction between the s electrons and the 3d states of the Mn atoms and an anti-
ferromagnetic p-d interaction between the p holes and the 3d states of the Mn atoms.
The p hole levels result from a pd hybridization with Mn d levels located within the
valence band.

The Hamiltonian that describes the sp-d interaction for free carriers (one electron-
hole pair) and magnetic impurities (in the presence of an external magnetic field B)

in a bulk crystal, is a Heisenberg like one [17, 30, 31] and can be written as:

Hyp-g = He-pin+ Hp-pn=—a ) _8(r—=R)S;-Ge—BY_6(r —R)S; - Jn (1.17)

R; R;

Where a and g are the exchange integrals for electron and hole respectively. R; is the
position of the magnetic ions characterized by spin operators S;i. O, is the electron

spin operator and 7h,- is the hole kinetic momentum operator.
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To be able to find an analytical solution for equation 1.17 we have to do some ap-
proximations: we will consider a semi-classical treatment. First we consider, for the
magnetic impurity spin operator, the value at thermal equilibrium consideringitas a
classical quantity S i — (S 7): this is the so called Mean Field Approximation (MFA).
The spin operators for electron and hole will be the quantum ones and they will be

described by the following matrix formalism [32]:

o 1L 0o —4i L
U;I(l 2) Uf,:(l. 2) 022(2 1) (1.18)
1o i 0o -1
0 L 0 o 0 -8 o o0
V3 V3 ;
“lo 1 0o X[ Y |lo i o -8
0o 0 ¥ o o o B o
3
S0 0 0
1
. oL o o
]Z_ 1
00 -1 o0
3
00 o -3

Where the electron spin matrices are the Pauli ones and the hole kinetic momentum
matrices are given in the heavy hole basis +%, + %, —% and —%.

At this stage, to describe the Mn atoms distribution and the coupling with the electron-
hole pair, it is used the Virtual Crystal Approximation (VCA). The random distribu-
tion of magnetic ions and host cations over the cation sublattice is replaced by a pe-
riodical structure with artificial cations possessing properties of the host cation and
the magnetic ion, averaged using occupation probabilities as weights [30].

We can rewrite equation 1.17 such as:

Hgp_g = He-pin + Hp—pin = —aNoXes (S) G — gNOxeff (S Tn (1.19)

We remind that He—pn = —aNoXer s (S) G, is defined by a 2 x 2 matrix while Hy,_y;,, =
—gNoxe rf (S) fh by a 4 x 4 one. For (Cd,Mn)Te, the values Nya=220meV and Ny f=-
880meV are well known [28, 33] (for CdTe N, = aig =15nm™3). Their signs highlight
that the exchange interaction electron-Mn is ferromagnetic while the hole-Mn one is
anti-ferromagnetic. We note that, for (Cd,Mn)Te, the hole-Mn exchange interaction

is four times the electron-Mn one.
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We can rewrite equation 1.19 by using the definition of magnetization at thermal

equilibrium, given by:

(M) = —NoXef&mnks (S) (1.20)

having then:

M M) -
oM o, P 5 (1.21)
gMnMB 38MnlB

Hsp—d =He-ymn+ Hp—pn =

If now we take the z axis, as quantization axis, and a magnetic field applied along
this direction, we can deduce the Zeeman splitting for the electron levels and for the

heavy hole and the light hole ones:

M
AV ai (1.22)
SMnHB
M
Apn=-p (M) (1.23)
EMnHB
Aipp= —P M) = Bhn (1.24)
3 gmnlB 3

In Figure 1.11 we trace the electron, heavy hole and light hole Zeeman splittings as a

function of the magnetic moment (M)

1 Energy levels b) % Energy levels

+§> A
" | wf=——___ IA?
- 3

FIGURE 1.11: Giant Zeeman effect of the electron and hole bands as a function of
the magnetic moment (M)
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Now we have all the ingredients to calculate the photoluminescence Zeeman shift
for the fundamental transition of a (Cd,Mn)Te crystal for heavy holes AE ]}Z’Z and light
holes AE f)hL The electron ground state has a spin projection |—%>, the heavy hole
state kinetic momentum |+%) and the light hole one |+%>. Using Figure 1.11, the

photoluminescence Zeeman shift for a heavy hole transition will be given by:

Ao+ A
hh e hh
AEPL = —2 (1.25)

The photoluminescence Zeeman shift for a light hole transition will be given by:

App
Ae+Aip Ae+—3*

lh

(1.26)

The magnetization at thermal equilibrium is described (as we have already said) by

a Brillouin function for a particle with § = g:

<Mz> = _MsatB§

2

( gMnIJBBzS )

1.27
kp (T + Tar) (127

With Mg, = gMnuBSNoxeff.
The Zeeman shift for the fundamental transition (see Figure 1.11) for a heavy hole

and a light hole exciton will be given by:

B,S
AEM = (B, + E,)B (M) 1.28
PL (Ese sh) % kg (T + Tar) ( )
Egp, gmniB:S
AELR :(E +—S) (— 1.29
PEET ) e (T + Tap) 2

Where we have defined the Zeeman energies at saturation for electron Es, and hole

Egj, such as:

aNoXxerrS
= —zef / (1.30)
—BNoXerrS
Eg, = M (1.31)
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Considering a x, ¢ r = 4%, the Zeeman energies at saturation for electron and hole are

equal to:

E;o =11meV (1.32)
Esp = 44meV (1.33)
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1.3 Studied samples

1.3.1 Review on magnetic and non magnetic II-VI nanostructures
Introduction

In this paragraph we will recall some of the most significant experimental results ob-
tained on magnetic and non magnetic II-VI nanostructures during the last years.

As you will see in Sections 1.4, one of the interest on using Diluted Magnetic Semi-
conductors materials is the possibility to induce a local ferromagnetic order induced
by the exchange interactions between localized exciton and diluted magnetic atoms
(Magnetic Polaron state).

Until now, Magnetic Polaron order has been found in systems that are difficult to ma-
nipulate: the more recent systems where it has been observed a light-induced ferro-
magnetic order are nanocrystals [34] or DMS self assembled quantum dots [12, 35].
Unfortunately it is not easy to perform structural analysis on such systems to en-
hance the theoretical description of the Magnetic Polaron formation process. More-
over, due to the fact that self assembled quantum dots are well embedded in the
compound, it is difficult to isolate and manipulate a single self assembled quantum
dot and use it to build an optoelectronic device.

Recently the growth of 1D DMS heterostructures (nanowires) has attracted a lot of in-
terest: they are promising candidates to further investigate the Magnetic Polaron for-
mation process. Itis possible in fact to incorporate quantum dots inside the nanowire
structure offering the possibility to study single object and to manipulate it easily. As
you will see in this thesis, it is possible to perform, for example, different types of
measurements on the same nanowire. We deposited a nanowire (by using a nano-
manipulator, see Section 1.6) on a patterned Sis N, self-suspended membrane that
allowed us to retrieve easily its position. By the use of such technique, we did chem-
ical and structural analysis (Energy Dispersive X-ray spectroscopy, Cathodolumines-
cence spectroscopy, detailed magneto-optical studies, for the details see Chapter 2
and Chapter 3).

In this thesis, it will be shown for the first time the evidence of an Exciton Magnetic

Polaron state in a nanowire geometry.
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Nanowires

During the last ten years, II-VI nanowires have been intensively studied for various
application such as the realization of interesting nanoelectronic and nanophotonic

devices [36], nano-pillar solar cells [37] and photodetectors [38].

CdSe quantum dots in ZnSe nanowires

Recently it has been found that CdSe quantum dots inserted in ZnSe can provide an
efficient single photon source even at 200K [39]. The same nanowire system has also
been improved showing single photon emission properties even at room tempera-
ture [40]. In Figure 1.12 we show the antibunching effect, revealing the single photon

nature of the CdSe/ZnSe nanowire system, up to 300K.
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FIGURE 1.12: Antibunching effect, revealing a single photon emission source, of
CdSe quantum dots inserted in ZnSe nanowires, image taken from [40]

An efficient single photon source, as the one studied in [40], can bring also other
interesting implementation in quantum information processing [41] and quantum

cryptography [42].

ZnTe nanowires

ZnTe based nanowires are particularly interesting: they can be easily doped electri-
cally [43] and magnetically [13, 44]. For the incorporation of the Mn atoms it is not
necessary to vary the growth temperature leading to more efficient and easy growing
procedures compared to III-V semiconductors [45].

In Figure 1.13 we show the result on the Mn doping of ZnTe nanowires that can
be found in [13]: the optical properties of (Zn,Mn)Te/(Zn,Mg)Te nanowires (Figure

1.13a) are studied under magnetic field.
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FIGURE 1.13: a) HRSEM image of the (Zn,Mn)Te/(Zn,Mg)Te nanowire b) Exciton
Giant Zeeman effect, images taken from [13]

Figure 1.13 shows the near band edge emission variation under magnetic field: the
photoluminescence red shift is the so called Giant Zeeman Effect (introduced in the
previous Section).

Another interesting property of a nanowire-like system is that it is possible to realize
core-shell structures as done in [13]. The (Zn,Mg)Te shell enhances the photolumi-
nescence intensity by surface passivation. As you will see in Chapter 2, it is pos-
sible to estimate the gain in the photoluminescence intensity by comparing a sys-
tem without shell (ZnTe nanowires) with a system surrounded by a (ZnMg)Te shell
(ZnTe/(Zn,Mg)Te nanowires). We found that the photoluminescence intensity is 10*

times higher in the sample covered by a shell.

CdTe quantum dots in ZnTe nanowires

CdTe quantum dot can be easily incorporate in ZnTe nanowires [46]: it is possible
to use them as very sensitive optical probe of the spin properties of individual Mn
ions [7] and recently, this research field, has been further improved by the successful
incorporation of other magnetic impurities (Fe, Co) and it has been called "Solotron-
ics” [8].

A full characterization of CdTe quantum dots inserted in ZnTe nanowires can be
found in [17]. This system shows an antibunching effect, even at high temperature
(up to 100K), highlighting its efficient single photon source properties (see Figure
1.14).
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FIGURE 1.14: Antibunching effect of CdTe quantum dots inserted in ZnTe
nanowires, images taken from [17]

(Cd,Mn)Te quantum dots

The possibility to incorporate Mn impurities inside CdTe self assembled quantum
dots was demonstrated experimentally in [6]. The system are (Cd,Mn)Te quantum
dots with different dimensions and few % of Mn atoms inside, inserted in a non mag-
netic (Zn,Cd)Te layer. In Figure 1.15 we show some of the magneto-optical measure-

ments done in [6].
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FIGURE 1.15: a) Giant Zeeman Effect of the heavy hole exciton (o polarization) b)
Giant Zeeman shifts fitted by a modified Brillouin function, images have been taken
from [6]
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In Figure 1.15a is traced the heavy hole exciton photoluminescence spectra under
magnetic field. The photoluminescence transition is between the +% hole state and
the —% electron one. The Exciton Giant Zeeman shift is reported in Figure 1.15c and

again it is well fitted by a modified Brillouin function (as explained in Section 1.2.4).

(Cd,Mn)Te quantum dots in ZnTe nanowires

In 2015, (Cd,Mn)Te quantum dots were successfully inserted in ZnTe nanowires [47]

revealing Giant Zeeman Effect (see Figure 1.16).
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FIGURE 1.16: Giant Zeeman effect of (Cd,Mn)Te quantum dot inserted in ZnTe
nanowire with different orientation of the applied magnetic field, images taken from
[47]

Figure 1.16 shows the magneto-optical studies done on the system by changing the
orientation of the applied magnetic field (parallel and perpendicular to the nanowire
growth axis). A strong spin splitting anisotropy has been revealed.

As you have seen, the system formed by (Cd,Mn)Te quantum dot inserted in ZnTe
nanowire, has not intensively been studied: the only experimental results are shown
in Figure 1.16. The hole ground state has a heavy hole nature with a measured hole
anisotropy AE=40meV.

This large hole anisotropy remains to be understood: a detailed structural and chem-

ical analysis has to be done to correlate the structural properties with the measured



Chapter 1. Magnetic Polaron in anisotropic quantum dots 29

hole anisotropy. This is the purpose of the first studies done during this PhD work
and that could be found in Chapter 2 and in Chapter 3.

1.3.2 Growth of the samples studied in this thesis

In this Section we present the growth of (Cd,Mn)Te quantum dot in ZnTe nanowires
done by Pamela Carolina Rueda-Fonseca (Sample 1 and Sample 2, the detailed pro-
cess can be found in [14]) whereas the Reference sample (CdTe quantum dot in ZnTe)
was grown by Marta Orrt. The structures of Sample 1, Sample 2 and the Reference
will be given in the following.

The technique used to grow this system is the Molecular Beam Epitaxy (MBE): it con-
sists in the epitaxial growth of materials by sending atomic or molecular fluxes on a
heated crystalline substrate under ultra high vacuum (UHV) conditions.

The scheme of the nanowire growth process is shown in Figure 1.17:

Zn ZnTe Te
Au at RT

4 | ‘.‘U.'; :‘:’, i

. nTe(so0nm) | | znTe(soonm) | —>  2ZnTe(s00nm) ZnTe (500 nm)
GaAs(111)B |  GaAs(111)B | Gaasi118 | | GaAs(111)B

FIGURE 1.17: Scheme of the nanowires growth taken from [14]

The first step (see Figure 1.17) is to grow a ZnTe buffer layer on a GaAs substrate to
reduce the defects (stacking faults) resulting from the high difference between the
substrate lattice parameter and the nanowire one. After, we deposit a very thin Au
layer (less than a monolayer) followed by a dewetting procedure to form Au droplets.
The Au droplets act as a catalyst for the growth: the ZnTe elements diffuse from the
substrate and they are trapped by the Au particles leading to the nanowire growth.

A typical result of this growth process is shown in Figure 1.18.

Two different types of ZnTe nanowires (see Figure 1.18) can be obtained: one type of
nanowires has a cone-shaped form (see Figure 1.18a) with a zinc-blende crystalline
structure while the other (see Figure 1.18b) has a cylinder-shaped with a wurtzite

crystalline structure [14], [48] (see Figure 1.19).

Without entering too much into the details of the growth processes, the difference

in the two types of nanowires is attributed to different values of the diffusion length
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FIGURE 1.18: Tilted HRSEM images of ZnTe nanowires showing a) Cone-Shaped b)
Cylinder-Shaped nanowires [14], [48]

FIGURE 1.19: Different growth mechanisms for ZnTe nanowires, image taken from
[14], [48]

along the nanowire sidewalls. For the wurtzite nanowires, the diffusion length along
the nanowire is larger than their length, the flux on the top half of the nanowire
contributes to the axial growth while the flux on the lower half compensates and
exceeds the flux coming from the substrate leading to a cylinder-shaped nanowire
with a pyramid at the base. For zinc-blende nanowire, the diffusion length along the
nanowire facets is smaller than the nanowire length, the axial growth is due to the
flux onto the facets of the top part while the flux from the substrate to the nanowire
is smaller than the opposite flux forming a crater at the nanowire base and leading to
a cone-shaped nanowire.

We present now the recipe that have been used to grow the (Cd,Mn)Te insertion in

ZnTe nanowires covered by a (Zn,Mg)Te shell (Sample 1, see Figure 1.20):

Sample 1 has been grown on a II-VI substrate: (Cd,Zn)Te(111)B with 5% of Zn and
disoriented of 2°C to avoid the formation of twins. To reduce the number of defects
due to the lattice mismatch, a CdTe buffer layer was first grown at 240°C for 10 min-
utes and after a ZnTe layer at 300°C for almost 1 hour.

A flattening process of the surface was done at 420°C under Te rich atmosphere, Au
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FIGURE 1.20: Sample 1 growth recipe used for the samples discussed in this thesis,
taken from [14], [48]

was deposited at 1090°C for 30 seconds and dewetted at 350°C for 5 minutes to form
Au nanoparticles. The nanowires were then grown using a ZnTe effusion cell with a
unitary Te=Zn ratio at 350°C for 20 minutes and after, for the QD insertion, a CdTe
and a Mn effusion cells were used simultaneously for 1 minute. As a final step the
(Zn,Mg)Te shell was grown using a ZnTe and a Mg cells keeping the temperature un-
changed for 5 minutes. As explained, the aim of the shell is to enhance the pho-
toemitted signal by surface passivation avoiding non radiative recombination pro-
cesses present at the surface.

Sample 2 has the same structure as Sample 1 but around the (Cd,Mn)Te insertion
it was added Mg. The growth recipe is then very similar to the one of Sample 1 but
before the (Cd,Mn)Te insertion, (Zn,Mg)Te has been grown for 5 minutes at the same
temperature. The final (Zn,Mg)Te shell has been grown for 10 minutes instead of 5
minutes as for Sample 1.

The Reference sample consists in CdTe insertion in ZnTe nanowire covered by a
(Zn,MgTe) shell. We used a GaAs (111) as a substrate: a ZnTe buffer layer has been
grown for 60 minutes at 260°C followed by a flattening of the surface, under Te, at
420°C. As for Sample 1 and 2, we deposited a Au layer at 1090°C for 30 seconds and
dewetted at 350°C for 10 minutes. The nanowires have been grown at 350°C: we used
first a ZnTe effusion cell with a unitary Te:Zn ratio at 350°C for 40 minutes, after we
grew the CdTe insertion for 1 minute and at the end we covered the nanowire by a
(Zn,Mg)Te shell using a ZnTe and a Mg cells for 10 minutes.

In this thesis we studied only cone-shaped nanowires (Figure 1.18a) because thanks

to their diffusion properties they are bigger and it is simpler to identify them after
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the mechanical dispersion on a patterned substrate (the characterization technique

is described in Section 1.6).
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1.4 Magnetic Polaron formation in II-VI DMS

1.4.1 Review of some significant experimental results

In this Section we will present some of the recent experiments on Magnetic Polarons
which can be compared with the ones observed in this manuscript.

First in this Introduction, we will remind what is a Magnetic Polaron and we will
recall a bit of the history of their discovery. Mostly of the informations given in the
first part of this Section, have been taken from a very nicely written review of papers
where the first studies of Magnetic Polaron formation can be found. This review has
been done by D.R. Yakovlev and W. Ossau and can be found in [27].

Figure 1.21 shows what is a Magnetic Polaron state.

magnetic polaron formation
> 2

energy

recombination

FIGURE 1.21: 1) Scheme of the Magnetic Polaron formation: after the creation of

an exciton 2) the exchange interaction with the spins of the Mn atoms polarizes

these spins 3) inside an effective volume that takes into account the exciton pres-
ence probability, and then decreasing the system energy, image taken from [27]

In DMS compound, the creation of localized exciton (this will be the case of our
study but it could be replaced by a charge) starts to polarize locally the spins of the
magnetic impurities (in our case Mn) via the sp-d exchange interactions [33] (Figure
1.21): this effect happens in a volume defined by the presence probability of the ex-

citon.
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The polarization of the Mn spins lower the total energy of the exciton (the scheme is
shown in Figure 1.21) by a quantity Ep.

The "Magnetic Polaron” can be viewed as a quasi-particle state: the cloud of polar-
ized spins can be in fact considered as a magnetic molecule with a total magnetic
moment that can be as big as hundreds of Bohr magnetons at very low temperature
[49]. Such big values of the total magnetic moment are possible thanks to the high
exchange magnetic field (~ 1 —3T) that are polarizing a large numbers of Mn spins.
The first experiments, revealing the existence of Magnetic Polarons in magnetic semi-
conductors, were done by performing transport and magnetization measurements
on EuO [50]. Unfortunately from these experiments it was not possible to retrieve
detailed informations about the Magnetic Polaron energy and its spin structure.

The interest in Magnetic Polarons grew up after the appearance of II-VI DMS. It is in
fact possible to use powerful optical characterization techniques (as you will see in
the following) to determine all the Magnetic Polaron parameters: Raman scattering,

time resolved photoluminescence spectroscopy and magneto-optical one.

Bound Magnetic Polarons

The first detailed experimental studies, with DMS materials, were done on bound
Magnetic Polarons (BMP) with charges (donors) [9, 10].

The samples, n-type (Cd,Mn)Se bulk crystals, were studied by magneto Raman spec-
troscopy: a Stokes shift is measured and attributed to the BMP caused by spin-flip
Raman scattering of the system conduction band. For this system, the Mn spins are
polarized by the exchange field created by localized electrons on donors (see Figure
1.22a). The main results (shown in Figure 1.22b) are presented in [10] and they have

been explained in [9] (the full model explication can be found in [15]).

The Stokes shifts, shown in Figure 1.22b (red line), at zero magnetic field are gener-
ated by the polarization of the Mn spins followed by the formation of the BMP state.
The model used to fit the experimental data is based on the calculation of the total
free energy: this treatment takes into account the spin fluctuations and can deter-
mine the magnitude of the total magnetic moment at any given temperature and at
any given value of magnetic field. In Chapter 4 you will see that we will extend this
model to analyze the Exciton Magnetic Polaron formation in a nanowire geometry.

Another pioneer work on the Magnetic Polarons can be found in [11]. This group



Chapter 1. Magnetic Polaron in anisotropic quantum dots 35

a) b)

-
on

—_—
o

Stokes shift (cm™1)

on
C ST §

o)
=
T

01 02
Magnetic field (T)

FIGURE 1.22: a) Bound Magnetic Polaron localized on a donor b) Photolumines-
cence spectra of (Cd,Mn)Se samples , image taken from [9]

studied Bound Magnetic Polaron (BMP) with high-purity p-type (Cd,Mn)Te bulk crys-
tals. The BMP studied in [11] consists in Magnetic Polaron formed on localized ac-
ceptors (holes) (see Figure 1.23a): the polarization of the Mn atoms is done by the

exchange field with the localized holes.

The photoluminescence line that has been studied is the acceptor one: (e, A%). They
performed detailed photoluminescence studies as function of the temperature for
different (Cd,Mn)Te samples (with Mn concentration from 2% to 14%, see Figure
1.23c). We can see that it is possible to observe the characteristic fingerprint of the
Magnetic Polaron formation. This fingerprint consists in a red shift of the photolu-
minescence line as function of the temperature (Figure 1.23c). The variation of the
band gap induces a blue shift of the emission energy (dashed line) whereas the Mag-
netic Polaron formation induces a red shift, at low temperature, which is larger when
the Mn concentration is high.

For the highest Mn concentration (Mn=14%) of Figure 1.23c they found a Magnetic
Polaron energy of the order Ep ~50meV at T=5K.
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FIGURE 1.23: a) Bound Magnetic Polarons localized on acceptors b) Photolumines-

cence spectra of (Cd,Mn)Te samples for different Mn concentrations c) Photolumi-

nescence position of the (e, A9 line as function of the temperature for the different
(Cd,Mn)Te samples, images taken from [11]

Exciton Magnetic Polarons

The first experimental results done on Exciton Magnetic Polaron (see Figure 1.24a)
can be found in [51]. In this work, bulk crystals of (Cd,Mn)Te were studied by selec-
tive excitation of the exciton photoluminescence: this technique uses tunable laser
to excite localized exciton states and to measure the Stokes shift of the photolumi-

nescence line associated to the Magnetic Polaron formation.

When we are in presence of an Exciton Magnetic Polaron we could be limited by the
exciton recombination lifetime: if the exciton lifetime is smaller than the Magnetic
Polaron formation time (7 ¢), the magnetic order will not have enough time to take
place. For this reason, like in [51], time resolved photoluminescence measurements
(see Figure 1.24b) are usually done in order to retrieve the Magnetic Polaron energy
without being eventually limited by the exciton recombination time. The creation
of an exciton, by the laser excitation at the time ¢ = 0, will polarize the Mn spins by

direct exchange interaction (see Figure 1.24a). The polarization of the Mn spins will
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FIGURE 1.24: a) Bound Magnetic Polarons localized on excitons b) Time evolution
of the polaron shift AE for a sample with Mn=15%, image taken from [51]

decrease the exciton energy and this process can be observed by time resolved pho-
toluminescence experiment.

By fitting the photoluminescence transient energy shift in time (shown in Figure
1.24b) it is possible to retrieve the gain in energy of the exciton transition, i.e. the
Magnetic Polaron energy (for this system is around Ep = 15meV at T=1.8K) and the
characteristic formation time 7 ¢.

We saw that when we are dealing with Exciton Magnetic Polaron, the best experimen-
tal technique to retrieve the Magnetic Polaron parameters (the energy Ep and the for-
mation time 7 ¢) is the time resolved photoluminescence experiment. We used this
technique also to characterize our samples and the results, completed by comple-
mentary studies such as magneto-optical measurements or temperature dependent

micro-PL, will be shown in Chapter 4.

1.4.2 Magnetic Polaron formation in quantum dots
1.4.2.1 Exchange Box Model

In this Section we present the most common model used to describe the Magnetic
Polaron formation in quantum dots: it is called "Exchange Box Model”. This model
has been applied to heavy hole Magnetic Polarons: it is the only type of Magnetic Po-
laron that has been observed so far experimentally in any II-VI DMS quantum dots.
The experimental studies will reveal that (see Chapter 4) we have in our case a light
hole Magnetic Polaron. In Section 1.5, we will extend this "Exchange Box Model” to

the case of a light hole Magnetic Polaron. Moreover we will summarize the behaviour
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of a light hole and a heavy hole Magnetic Polaron for different magnetic field config-
urations.
Figure 1.25 shows a scheme of our quantum dot system.

100nm’ <V_ <1000nm* | |
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FIGURE 1.25: Scheme of the "Exchange Box Model”

In the presence of a Magnetic Polaron, there are sp-d exchange interactions between
the Mn spins and the photocreated excitons. These exchange interactions are de-

scribed by a Kondo-like Hamiltonian given by:

Hsp—d =He-ymn+ Hp—pn = _azgi '5'e|1//e(}_éi)|2 - gzgl 7h|¢h(§z)|2 (1.34)
R; R;

The simplest assumption in order to simplify the calculation is the so-called "Ex-
change Box Model”, used to describe Magnetic Polarons in bulk crystals [52, 53] and
then in heterostructures [6, 54-56]. It considers the quantum dot as a rigid box with
avolume Vjp (see Figure 1.25) in which the envelope functions for electron and hole
are [Wo(R)> = |lyp(R)I? = ﬁ, and in which Mn atoms are distributed homoge-
neously. This leads to an effective number of Mn spins that interacts with the exciton

given by:

Nefr=NoXerfrVob (1.35)

Moreover, like in Section 1.2.4, x,rr takes into account the Mn atoms that are not
coupled by anti-ferromagnetic interactions.
As we did in Section 1.2.4, we can rewrite equation 1.34, by using MFA and VCA ap-

proximations, such as:
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Hgp-q = He—pin + Hp—pin = —aNoXepp (S) T — gNoxeff (S Tn (1.36)
We remind that He—pn = —aNoXeff (S 0. is defined by a 2 x 2 matrix and Hy_p, =
—gNoxeff (ST by a4 x 4 one.

We can rewrite equation 1.38 by using the definition of magnetic moment at thermal

equilibrium, given by:

(M) = —Nesrgnmntin (S) (1.37)

having then:

a (M) 5 B (M)
gunttsVop © 38Mnks VoD

Hgpg=He-pn+ Hp—pn = 7}1 (1.38)

We now consider a heavy hole Magnetic Polaron polarized along the quantization

axis z ((M) # 0,(My) = (My) = 0) with no applied magnetic field (B = 0). We consider

a o™ bright exciton composed by an electron in the ground state with spin projection
—%) and a heavy hole state with kinetic momentum projection |+ %).

To retrieve the heavy hole Magnetic Polaron energy we have to calculate the exchange

energies for electrons and holes:

1 1 3 3
EM = (— 2| Hy ppn | = =) + (+ = Hp g | +=) (1.39)
P 2 2 2 2

The exchange energies are given by:

1 1 (M)

—_— H _ — ) = _— 140
< 2| e Mnl 2) angn,UBVQD ( )
<+3 |H |+3> M (1.41)

— h— -y = — .
2 MriTo 28mniB VoD

We note that equation 1.41 has the form of a Zeeman Hamiltonian (Hey = — (M) ; Bex),
we can then define an electron and a heavy hole effective exchange field (along the z

quantization axis) by:
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a

Béle—— = 59 (1.42)
“Yz 2gmnpsVob

Bhote — _h (1.43)
= 28mnMBVoD

Then, the heavy hole exciton Magnetic Polaron energy will be given by the sum of

electron and hole exchange energies:

Ep" = (M) | BEY + BlO'® (1.44)

The magnetic moment (M) at thermal equilibrium can be expressed as a function

of the exchange fields using the modified Brillouin function:

(1.45)

gunpis (BEE +BO) S
kg (T + Tar)

(M) = _Msath (

With Msqr = gmnitaSNey . The final expression for the heavy hole Magnetic Polaron
energy, considering (M) # 0, (My) = (M, = 0, will be:

VnllB Bele + Bhole S
EIMT) = (Eyp + Egy] Bs | S22 Ber: + Bex.”) (1.46)
2 kg (T + Tar)
Where E, and Ej, were introduced in Section 1.2.4 and are given by:
aNoXerrS
Eye = Teff = Mo B2 (1.47)
—ﬁN()x S
Boy =~ = Myt B (1.48)

We trace now the heavy hole Magnetic Polaron energy (E ﬁh [T]) as a function of the
temperature (T + T4r) where we have considered the maximum exchange sp-d for a

quantum dot with x.¢r = 4% and Vp = 100nm3 (see Figure 1.26).

The energy E ﬁh[T] strongly depends on the Mn temperature and then, for the exper-

imental measurements, we chose the lowest laser excitation possible to avoid any
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FIGURE 1.26: Variation of the heavy hole Magnetic Polaron energy as a function of
the temperature, as calculated in the MFA approximation

heating effect of the Mn atoms.

As you will see in the following Section but also in Chapter 4 it is possible to retrieve
the Magnetic Polaron temperature variation by performing micro-PL experiments
as a function of the temperature. The photoluminescence energy position is in fact

given by:

EprIT) = EgaplT1 - EFMT] (1.49)

Where Eg,p[T] is the quantum dot bandgap variation as a function of the tempera-
ture.

We conclude this Section by considering what happens when we apply a magnetic
field along the z direction. The applied magnetic field is taken into account in the
definition of (M;) by shifting the modified Brillouin function by the value of the ex-

ternal magnetic field:

gvnps (BE + BIO + B) S

1.50
kp (T + Tsr) (150

(M) = _Msath

The expression that describes the heavy hole Magnetic Polaron Zeeman energy, con-
sidering (M) # 0,(M) = (M) =0, is:

gymps (BES + B +B) S

1.51
kg (T + Tar) (15

AEp"B, T = [Ese + Esp] B
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In Figure 1.27 we trace equation 1.51 considering the maximum exchange sp-d for a

quantum dot with x.¢rr =4% and a T + Tap=11K.
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FIGURE 1.27: Giant Zeeman shift of a heavy hole Magnetic Polaron with an applied
magnetic field along the z direction

The shifted Brillouin function intersects the horizontal axis at — (Bgfé + Bi’;zl ¢) and the

vertical axis at — E gh.

1.4.2.2 Magnetic Polaron formation in (Cd,Mn)Te self assembled QDs

The first experiments, done to observe the Magnetic Polaron formation in (Cd,Mn)Te
quantum dots (Mn concentration around 7%) can be found in [54]. Photolumines-
cence measurements recorded at different magnetic fields and temperatures are sum-

marized in Figure 1.28.

Both measurements (temperature and magnetic field ones) can be explained with
the "Exchange Box Model” introduced in the previous Section. The photolumines-
cence energy variations are in fact fitted by a modified Brillouin function where the
exchange Magnetic Polaron internal field Bp = Bg}; + Bé’)?zle has been taken into ac-
count. In the present case, the calculated Magnetic Polaron energy is Ep=14meV at
T=2K.

A more recent observation of a Magnetic Polaron in a (Cd,Mn)Te quantum dot (with
a Mn concentration around 20%) can be found in [12]. The time evolution of the
photoluminescence energy has been recorded using a streak camera. The results are

shown in Figure 1.29.

By using the "Exchange Box Model”, it is possible to retrieve a Magnetic Polaron en-

ergy, that in the present case is Ep=13meV at T=8K with a characteristic formation
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FIGURE 1.28: a) Temperature dependence of the photoluminescence energy for non

magnetic (open circles) and magnetic (solid circles) (Cd,Mn)Te QDs b) Magnetic

field dependence of the photoluminescence energy for a (Cd,Mn)Te quantum dot

(solid symbols is o* polarization and open symbols are ¢~ polarized), images have
been taken from [54]
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FIGURE 1.29: a) Streak camera images of photoluminescence signal for a (Cd,Mn)Te
quantum dot b) Transient photoluminescence energy as function of time, images
taken from [12]

time given by 7,=107ps. These measurements will be compared with the time re-
solved photoluminescence experiments that we have done on our system in Chapter
4.

Arecentwork on Magnetic Polaron formation (2015), that goes beyond the "Exchange
Box Model” to describe the Magnetic Polaron formation, can be found in [35]. In this
paper, Type II quantum dots (the electron is localized in the barrier while the hole is
confined inside the quantum dot region) have been studied mainly by time resolved
photoluminescence experiments. The studied samples are ZnTe quantum dot in a
ZnSe matrix: Mn atoms (Mn concentration around 5%) are incorporated in the ma-

trix (sample 1) or in the quantum dot region (sample 3) (see Figure 1.30a).
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FIGURE 1.30: a) ZnTe quantum dot in (Zn,Mn)Se matrix (sample 1), (Zn,Mn)Te
quantum dot in ZnSe matrix (sample 3) b) Transient photoluminescence energy as
function of time for the two samples, images taken from [35]

Both samples present a long exciton decay time (Type II quantum dot) with a Mag-
netic Polaron state (see Figure 1.30). The energies of the Magnetic Polaron are Ep=25.4meV
for sample 1 and Ep=34.4meV for sample 3, recorded at T=7K.

A free energy approach, extending what has been done in [9], has been used to de-

duce the Magnetic Polaron energies and these results will be compared with the ones

that we have found at the end of Chapter 4.

1.4.2.3 Charged Magnetic Polaron: beyond the "Exchange Box Model”

Another study of Magnetic Polarons in (Cd,Mn)Te self assembled quantum dots (with
Mn concentration around 10%) was done by Petr Stepanov [17], a PhD student re-
sponsible for the optical measurements in our group before my arrival.

The main result showing the Magnetic Polaron formation by means of time resolved

photoluminescence experiments are shown in Figure 1.31.

The photoluminescence spectrum is composed by an exciton (X) and a charged exci-
ton (X7) (Figure 1.31a,b). The transients photoluminescence energies as function of
the time show a Magnetic Polaron formation for both states with energies Ep=11meV
for the exciton and Ep=15meV for the charged one recorded at T=7K.

From Figure 1.31 we can see that in this case time resolved photoluminescence mea-
surements are needed to determine the correct Magnetic Polaron energy: the Mag-
netic Polaron formation time is in fact higher compared to the exciton lifetime (see
Figure 1.31c,d). In a continuous experiment, we would have find a smaller value for

the Magnetic Polaron energy.
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FIGURE 1.31: a) Streak camera measurement of a (Cd,Mn)Te quantum dot b) Pho-

toluminescence spectrum showing the exciton (X) and the charged exciton (X™) c¢)
Transient photoluminescence energy as function of time d) Transient photolumi-

nescence intensities as function of time, images taken from [17]
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1.5 Lighthole and heavy hole Magnetic Polaron in anisotropic

quantum dot

Introduction

In this Section we extend the "Exchange Box Model” to the case of a light hole Mag-
netic Polaron in order to calculate the Magnetic Polaron energies for any type of
quantum dots (light hole or heavy hole) and for any direction of the applied mag-
netic field.

As you will see in details in Chapter 2, by playing with the quantum dot shape (the ra-
tio % of the length divided by the diameter of the quantum dot) we can have different
exciton ground states depending on the hole anisotropy (AE). In the presence of an
elongated quantum dot, the exciton ground state has a light hole character (AE > 0),
while for a flat dot the ground state has a heavy hole character (AE < 0) (see Figure
1.32).

For simplicity we will consider a quantum dot with a circular symmetry and we re-
strict the studies to the case of azimuthal angle ¢ = 0. The averaged magnetic mo-

ment of the dot is given by:

(M) (0, o) = (M) [cos(0)é; +sin(0) cos(¢)é + sin(O)sin(¢p)é,]
= (M) [cos(0)8, +sin(0)&,] = (1.52)
= (M) €, +(My) éx = (M) (0)

We consider a uniaxial hole anisotropy that is described by a diagonal matrix form

[57] written in the heavy hole basis (+%, +%, —% and —%):

AE JU+1)
Han:7(]iz_ 3

) (1.53)

Where Jj, is the hole kinetic spin operator. For AE > 0 the quantum dot ground state

has a light hole character while for AE < 0 it has a heavy hole one (see Figure 1.32).
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FIGURE 1.32: Light hole and heavy hole exciton Magnetic Polaron

Calculation of heavy hole Magnetic Polaron energy

Following the same treatment used for the "Exchange Box Model” (see Section 1.4.2.1)
we now calculate the Magnetic Polaron energy for a pure heavy hole exciton (AE —
—00).

First we calculate the exchange field and Magnetic Polaron energy assuming a non
zero magnetic moment oriented with a polar angle 6 ((M,) # 0 and (M) # 0). The
exchange Hamiltonians for electron-Mn and hole-Mn interactions are given by (see

equation 1.38):
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a ((Mz> Oe, +{My) Uex)
He pn =
gvntB VoD
B (M) Jn, +(Mx) Jn,)
Hh—Mn =
38mntB VoD

and hence, by writing the magnetic moment in its matrix form we will have:

a (M) cos(®)  sin(®)
Hovn= "2~ ine) _cos (1.54)
gMnIJBVQD % _%
3cos(0)
iy 1.55
o 3gMnIJBVQD 0 _3002s(9) ( )

Thanks to the diagonal form of the exchange hole Hamiltonian (Hj,—;,), we can re-
trieve easily the eigenstates (| %), I—%)) and eigenvalues of the hole (E f_jh = AThh) where

the hole splitting energy is:

— B (M) cos()

App =
gMnBVOD

For the exchange electron Hamiltonian (H,-js,) we have first to diagonalize the spin

matrix leading to two eigenstates given by:

| >—COS(Q)I+1>+sin(Q)I—1> (1.56)
Ver) = OS5I 22 :

[Ye-) = —si (Q)|+l)+ (Q)I—1> (1.57)
We) = sin(3) +5) +cos(35) 1= .

with eigenvalues Eil = i%, where the electron splitting energy is:
a (M)

= (1.58)
* gMnlip Vob
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Like in Section 1.4.2.1, we can now calculate the Magnetic Polaron energy that is
given by the sum of the exchange energies of the electron and hole thermalized in

the ground state (|y,.-) for the electron and |+%> for the hole):

We | Hopin|We ) = ——— [(M) We- | 0o, [We ) + (M) We-| 0o [We )] (1.59)
8MmnlBVQD

3 3 i
<+§| Hp-pnl+2) =

3 3 3 3
2 m<Mz)<+§|]hz|+§>+<Mx><+§|]hx|+§> (1.60)

By observing that we can rewrite the Hamiltonian as a Zeeman one, we can define an
electron magnetic exchange field and a heavy hole one (as we did in Section 1.4.2.1)
by:

We| Hopn lWe-) = — (M) B, — (My) B, (1.61)

3 3 hh
<+§|Hh—Mn|+§> =—(M;)B (1.62)

ex;

The exchange field for the electron will be given by:

- acos(0
B¢ = __acos®)  _ B cos(0) (1.63)
= 28mnMBVoD
- asin(0
oxy = @ B¢Lsin(0) (1.64)
28mnMB VoD
With B2 = m. We observe that ftzr electron, the exchange field will be aligned
along the magnetic moment (M) with BS, = m (the electron spin is isotropic).

For the heavy hole the exchange field is anisotropic and remains oriented along the

z direction having:

—pcos(0
w2 —PeostO) - prote o) (1.65)
“ 28MmnlBV0D
Where we recall that we have defined B/%0!¢ = % We see that the expression
EMnMBYVQD

for the Magnetic Polaron energy will depend on the angle 0 by:
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— EMMg) = (M) [BEL® + B0 cos(6)] (1.66)

with the total magnetic moment defined as:

gvnkin (BE, + B cos(0)) S
M)=—-M;,+B 1.67
(M) sat g kB (T+ Tar) ( )

From equation 1.66 we observe that the maximum Magnetic Polaron energy is for

0 = 0 leading to a magnetic moment aligned along the z axis (see Figure 1.32).

Calculation of light hole Magnetic Polaron energy

To calculate the energy of a pure light hole Magnetic Polaron we have to repeat the
same procedure but considering the spin kinetic projection J, associated to the light

hole. The exchange Hamiltonian for the electron and hole will be given by:

a (M) cos(@) sin(6)
He-vin=———| g . ) (1.68)
(9) cos(6)
gmnitB VoD -5
M M sin(@)
[E—_L 0 (1.69)
38MnkBVoD \sin(@) -5

As we did before, we have to diagonalize H,_j;, and Hj_p;;, to find the eigenstates
and eigenvalues of the system. For the electron we have the same result as presented

before, while for the hole the two eigenstates are:

1) = cos(5) [+2) +sin(5) == (1.70)
Vinr) = cosz)1+5 2’72 '
i) = —sin() [+=) + cos(2) -2 (1.71)
Vinm) = =sini5)1+3 273 '

Here ¢ is defined such as: tan(e) = 2tan(0). The eigenvalues for the hole are: E!* =

Al I where the electron and hole energy splittings are given by:
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a (M)
= —— (1.72)
gmntB VoD
—_B(M 2
Ay = P V/COS(9)+sin2Gﬂ (1.73)
38MnB VoD 4

As we did for the heavy hole Magnetic Polaron, we calculate the exchange energies of
the electron and hole thermalized in their ground states (|1.-) for the electron and

lw;,+) for the hole):

We| HortnlWe) = —————— (M) (W | Te, We ) + (My) (We- | e, lWe)] =
gmniB VoD
= —(M_) B, — (M) Bj,_

(1.74)

Wit | Hh—pn (W 1) = SL (MY @y | T, 1) + (M) W e | T, [ )| =
8mnlBVQD

= — (M) B! —(M,)Bl!
(1.75)

We can now retrieve the expressions for the electron and light hole exchange fields
given by (for the electron we have the same results as for the heavy hole Magnetic

Polaron):

- 0
B, = ZgaCL(V) = B%cos(6) (1.76)
‘ MnMBVQD
_ in(0
n
_ Bhole
%%Jﬁ%zﬁmw (1.78)
n
_ Rci 2Bhole

exy —

38mntB VoD 3
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We can deduce now the expression for the light hole Magnetic Polaron energy given

by:
l;hole Zlghole
— E'01 = (M) [BE + %cos(s)cos(@) + %sin(s)sin(@)] (1.80)

The light hole Magnetic Polaron energy is a function of 6 (see equation 1.80). In
zero external field the maximum Magnetic Polaron energy is obtained with 6 = 7 (x
direction). In Figure 1.33 we summarize what we have found so far for the heavy
hole and the light hole Magnetic Polaron systems for the cases where the Magnetic

Polaron energies are maximum (6 = 7 for the light hole and 6 = 0 for the heavy hole).

Light Hole Magnetic Polaron Heavy Hole Magnetic Polaron

y
(Cd,Mn)Te QD (Cd,Mn)Te QD
1 Energy levels | 1 Energy levels !
I [
‘_ 1> 2uuHs Voo ‘_ l> NI
2 2

+
LH<

<M> <M>
, T A S
Er@= E) = <M>{B1 + 3“ }

IAlh__B<NI> HH A M

E}'(0=0)=(M)[B + BL"]

50 (Bele 4 Bhole)
M —_ M B B ex ex
. % kB(T + TAF) < > 53‘ %|: kB (T + TAF)

FIGURE 1.33: Light hole and heavy hole exciton Magnetic Polarons
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1.5.1 Magnetic Field applied along the easy magnetization axis

In this Section we calculate the Giant Zeeman shift of a light hole and a heavy hole
Magnetic Polaron using the equations derived in the previous Section. We consider
the case where the magnetic field is applied along an easy magnetization axis: along
the x axis for the light hole Magnetic Polaron and along the z axis for the heavy hole
one.

We are interested on the fundamental state: for a light hole Magnetic Polaron this is
given by one electron in the spin state —% and one hole in the kinetic momentum
state +% while for a heavy hole Magnetic Polaron, the electron state is the same but
the hole one is the +%. To emphasize the exciton Giant Zeeman shift, we plot also,
in Figure 1.34, the excited states where we have considered a spin flipping of the
electron or the hole after the formation of the Magnetic Polaron in the fundamental

state. Anyway we will always focus our attention on the fundamental state and hence

we will not consider the excited states in the analysis of the experimental data.

For the calculations, we consider a hole exchange field B/?/¢=2.4T and an electron
one B2=0.6T. All the parameters used for the simulations are given in the following
table.

T+ Tap=11K | Ep,=44 meV | Eg=11meV | B07¢=2 4T | B¢/°=0.6T

The exciton Giant Zeeman energies, calculated using the electron and hole splitting

energies are given by:

EMnHUB (Bz + Bszlce + Béz;)le) N
AEM — + (E.,+E.;,) B 1.81
PL (Ese sh) % ( kg (T + Tap) ( )
Egp, 8MnHB (Bx+B§fce+ ngnge)S
AEM = & (E + L)B 3 1.82
S SN A kg (T + Tap) 82

The behaviour under magnetic field for both light hole and heavy hole Magnetic Po-
laron, when the magnetic field is applied along the easy magnetization axis, is well
explained by a shifted Brillouin function. We will see, in the next Sections, that when
the magnetic field is applied perpendicular to the easy magnetization axis we have

uncommon situations.
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FIGURE 1.34: a) Giant Zeeman Shift for a light hole Magnetic Polaron with an ap-
plied magnetic field along the x axis b) Giant Zeeman Shift for a heavy hole Magnetic
Polaron with an applied magnetic field along the z axis

1.5.2 Magnetic Field applied perpendicular to the easy magnetiza-

tion axis

1.5.2.1 The case of a heavy hole Magnetic Polaron

In this paragraph we present the configuration where a magnetic field is applied

along the x axis for a heavy hole Magnetic Polaron state (see Figure 1.35).

The sp-d interaction Hamiltonian is the sum of the electron and hole exchange Hamil-

tonian and the Zeeman one, given by (see Figure 1.35):
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Heavy Hole Magnetic Polaron

tot
B M

(Cd,Mn)Te QD

FIGURE 1.35: Heavy hole Magnetic Polaron exchange field in a configuration where
the applied magnetic field is along the x axis

Hsp—a = He-pin+ Hp-pin — (M) - B = — (M) | B¢% + B!"0'¢cos(0) + Bsin(@) | (1.83)

Where we recall the expression for the electron and hole exchange fields given by:

ele _ a

“* 2gmnpsVob
hole _ _ﬁ
e 28mnB VoD

The projection of all magnetic fields (exchange and external ones) along the mag-

netic moment (M) direction, is given by:

BL9" = B¢ + B?'¢cos(0) + Bsin(6) (1.84)

In the MFA approximation, the angle 8, that minimizes the energy corresponds to

the direction of the magnetic moment (M) that maximizes B}?’. This is given by:
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dBLo!
do

=0:9:tan‘1( ) (1.85)

B
Equation 1.85 is plotted in Figure 1.36a. We can see that the magnetic moment (M)
is smoothly rotating with the increase of the magnetic field, trying to remain aligned
along the z direction.

In Figure 1.36b we traced the projection, along the direction of the magnetic moment
(M), of the hole exchange field Bé’;’l" given by:

hole
Befs = B'cos(0) = —&—— (1.86)

2
B
1+ (Bhole)
It turns out that the magnetic moment is aligned along the sum of the external field

and hole exchange field. Its magnitude is given by a modified Brillouin function
shifted by the projection of the total field B?’ along the (M) direction:

518 (Bg}f +1/ B2+ (BQ;IE)Z)

M) = —M;qB 1.
(M) = ~MsarB; T (1.87)

The normalized magnetic moment m = % is traced in Figure 1.36c¢.

In Figure 1.36¢ we also trace the two limiting cases when the magnetic moment and
the applied magnetic field are parallel to the x axis (0 = 7, red curve) and when the
magnetic moment and the applied magnetic field are parallel to the z axis (0 = 0,
green curve). These two cases follow shifted Brillouin functions with a total projected
field given by B + B¢¢ + B!/ (green curve) and by B + B2 (red curve).

In Figure 1.36d we traced the photoluminescence Giant Zeeman shift of the funda-
mental and excited states. The photoluminescence Giant Zeeman energies are given

by:
AEhh A 4= A Bele M hole
PL = e hh ex (M) + B, (M) cos(0) (1.88)

With 6 = tan™! (Bh"le) For B — +o00, the angle  — 7 leading to:
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5up (B¢ +B
ex
AER = Bel¢ (M) = +E,Bs Suta (B’ + B) (1.89)
PL ex i\ kn(T+T
B (T +Tar)

We traced the limiting cases for 8 — 7 (see equations 1.89) in Figure 1.36d (dashed

lines). The Giant Zeeman shift of a heavy hole Magnetic Polaron, under an applied

magnetic field perpendicular to the easy magnetization axis, doesn’'t change a lot be-

ing described, at high magnetic field, just by the effect of the electron.

We see in the next Section, that the case of a light hole Magnetic Polaron will be com-

pletely different from the heavy hole one.

1.5.2.2 The case of a light hole Magnetic Polaron

In this Section we are going to study the configuration where a magnetic field is ap-

plied along the z axis for a light hole Magnetic Polaron quantum dot. In Section 1.5
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we showed that in the presence of no magnetic field (B = 0), the magnetic moment is
along the x direction (My) # 0, (M) = (M_) = 0, in order to maximize the Magnetic
Polaron energy. If we apply a magnetic field along the z direction, we would expect a
rotation of the quantum dot magnetic moment.

This situation is more complicated to the one of a heavy hole Magnetic Polaron be-
Ih

cause we have to consider the two different exchange field projections along z B,y ,

and along x BéZx.
Assuming a magnetic moment (M) defined by a polar angle 8, the interaction Hamil-
tonian is given by the sum of the electron and hole exchange Hamiltonian and the

Zeeman one (see equation 1.80):

Hsp—d = He—yn+ Hp-mn — <M> ‘B

; hole ZBhole (1.90)
=—(M) |BSS + %cos(s)cos(@) + %sin(s)sin(@) + Bcos(0)

Where tan(e) = 2tan(0). For a m emitting light hole exciton, the exchange electron

and hole fields are given by:

ele _ a

“* 2gMmnisVob
hole _ _ﬁ
e 28mnB VoD

The projection of the total exchange magnetic field onto the magnetic moment (M)

direction, is given by:

Bhole ZBhole
B!9' = BCle + e; cos(e)cos(0) + %sin(e)sin(@) + Bcos(H) (1.91)

In the MFA approximation, the angle 8 which minimizes the energy corresponds to

the one which maximizes B}?’. This is given by:

dBLo* B
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We solved equation 1.92 analytically and we retrieved the expression for the angle 0:

tanf = (1.93)

DN | =

In Figure 1.37a we trace the behaviour of the angle 0, as a function of the magnetic
field. We can see that the magnetic moment (M) is rotating with the increase of the
magnetic field: at = B h =1 it will be aligned along the z direction.

In Figure 1.36b we traced the projection, on the direction of the magnetic moment
(M), of the exchange hole field B, hh '} given by:

Bhole

Berr = [cos(B)cos(€) + 2sin(B)sin(e)] (1.94)
The expression for the total magnetic moment (M) is given by a modified Brillouin
function shifted by the projection of the magnetic moment of the total exchange

magnetic field B?' along the (M) direction. (M) is given by:

(M) = MsatBs ( (1.95)

5z (Byf') )

kg (T + Tar)

Where B}¢" is given by equation 1.91 and tan(e) = 2tan(f). The normalized magnetic

moment m = % is traced in Figure 1.37c.
sa

In Figure 1.37c we trace the two limiting cases when the magnetic moment and the
applied magnetic field are parallel to the x axis (0 = 7, red curve) and when the mag-
netic moment and the applied magnetic field are parallel to the z axis (6 = 0, green
curve). These two cases are described by shifted Brillouin functions with a projected
total field given by B + Bele 4 2B (green curve) and by B + Bele 4 e e" o (red curve).

In Figure 1.37d we traced the calculated photoluminescence Giant Zeeman shift of
the fundamental state and the three excited states. We can comment about the lim-
iting values. For B — 0 and 0 = 3 the total magnetic moment is described by a

hole

modified Brillouin function that is shifted by the quantity B¢ +28e For-B_>1

B
Bhole
and 0 = 0, the total magnetic moment is described by a modified Brlllouin function
that is shifted by the quantity B + BS/ + ” - . This limit is given by the dashed line
in Figure 1.37d. The case of a light hole Magnetrc Polaron, with an applied magnetic

field perpendicular to the easy magnetization axis, is very particular. We have in fact
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d) Giant Zeeman

a complete rotation of the magnetic moment from the easy magnetization axis to the
perpendicular one. The rotation ends when the condition ﬁ =1 is satisfied. This
case is very different from that of the heavy hole Magnetic Polaron one: by applying
a magnetic field parallel and perpendicular to the nanostructure quantization axis,

we would be able to discriminate the nature of the hole ground state.
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1.6 Experimental set-ups and sample preparation

In this Section we describe the set-ups that have been used for the measurements

presented in this thesis.

1.6.1 Micro-photoluminescence set-ups

The confocal microphotoluminescence set-up is shown in Figure 1.38 .
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FIGURE 1.38: Micro-PL set-up

In this set-up it is possible to use different types of lasers: continuous laser with dif-
ferent excitation wavelengths (488nm and 405nm laser diodes, a Millennia 532nm
solid laser) and a picosecond Spectra Physics Tsunami Ti:Sa pulsed laser with a tun-
able energy and a repetition rate of {=76MHz. The chosen laser is focused (with a
typical spot size around 2um?), by means of different optics, through a 100X Mitu-
toyo magnification microscope with numerical aperture 0.6 and working distance of
12mm, on the sample. The sample is mounted on a cold finger Janis cryostat that
allows to chose a working temperature from 300K to 5K by controlling a flow of lig-
uid helium. The light emitted by the sample is collected by the microscope and sent
to a 0.46m Jobin-Yvon spectrometer equipped with a CCD camera (1024x256 pixels
with a pixel size of 26um). To be able to characterize nanowires, the sample holder

is equipped by a piezoelectric scanner allowing very small displacements with step
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around 10nm in the plane (x,y) and in the focal (z) directions.

For the magneto-optical measurements we used the set-up shown in Figure 1.39.
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FIGURE 1.39: a) Helium-flow cryostat Oxford Spectromag b) Piezo-controlled sam-
ple holder

In this case the sample is mounted on a copper sample-holder that is fixed on a
column composed by piezoelectric scanners for the positioning of the laser on the
nanowire (see Figure 1.39b). Also in this case the allowed displacement is very small
with step around 10nm in the plane (x,y) and in the focal (z) directions. The micro-
scope has a 20X magnification with a numerical aperture around 0.4 and a working
distance of 3mm. The column with the piezoelectric scanners is inserted inside the
helium-flow cryostat (Oxford Spectromag shown in Figure 1.39a). This cryostat al-
lows to control the temperature from 300K to 4.2K by a constant flow of helium va-
pors regulated by a valve. It is also possible to directly insert liquid helium inside
the sample chamber and to pump it to reach the so called superfluid state: in this
case we achieve a temperature of 1.7K. The Oxford Spectromag allows us to apply
a magnetic field, up to 11T, in a direction perpendicular to the sample plane. For
nanowires deposited on a substrate, the applied magnetic field will be perpendicular
to the growth axis while for nanowire on the as-grown sample the magnetic field will
be applied parallel to the growth axis. The detection part is the same as the micro-PL
set-up (see Figure 1.38).

Both set-ups are also equipped with a white light lamp and a camera that allows to

record optical images of the surface and then identify the position of the nanowire.



Chapter 1. Magnetic Polaron in anisotropic quantum dots 63

1.6.2 Cathodoluminescence set-up

In this Section the cathodoluminescence (CL) set-up will be described [58]. It will
be shown, later in the thesis, that the cathodoluminescence signal (emission from a
sample under electron beam excitation) is a very important hint to identify quantum
dot structure inserted in long nanowires. Thanks to the electron beam nanoscale
positioning, using a Field Emission Scanning Electron Microscope (FESEM), CL is
really a powerful tool for semiconductor nanostructure study. The CL system used
in this thesis consists in a FESEM FEI Inspect F50 to ensure a high spatial resolution
(down to 1 or 3 nm at 30 keV or 1 keV, respectively) (see Figure 1.40). The electron
beam energy goes from 200 eV to 30 keV and the emitted light is collected with an
off-axis aluminum parabolic mirror, focused on the entrance slit of a spectrometer

via an achromatic optical system using aluminum mirrors.

e-beam
motorized achromatic

mirror focallzahon’
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FIGURE 1.40: a) Picture of the cathodoluminescence set-up b) Cathodolumines-
cence set-up scheme

1.6.3 Sample preparation: patterned substrates and self-suspended
membranes

In this Section we will describe the strategy used to characterize single (Cd,Mn)Te

quantum dot inserted in ZnTe nanowires. Due to the high density of nanowires on
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the as-grown sample (see Figure 1.41a), it is really difficult to study single nanowire.
Due to the finite laser spot size of 2um? we excite many nanowires and the spectrum

is then composed by many emissions lines (see Figure 1.41b).
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FIGURE 1.41: a) HRSEM image of a typical as grown sample b) Micro-PL spec-

trum taken directly on the as grown sample (CdTe quantum dot inserted in ZnTe

nanowire, see Figure a)) ¢) Superimposition of a HRSEM image of the silicon sub-

strate used for the nanowire dispersion and the micro-PL signal of the nanowire
shown in the inset d) micro-PL spectrum of the nanowire in c)

As described in the following, we used two different types of support in order to be
able to analyze the emission of single objects (see Figure 1.41d). We perform sys-
tematically optical and HRSEM image to identify well isolated nanowire (see Figure
1.41c). Moreover each support has an Al pattern on the surface used to locate the
studied nanowire.

The first and most used type of support is a silicon substrate with an Al, O3 pattern
on its surface (see Figure 1.41c). We deposited the nanowires mechanically by rub-
bing the as-grown sample (see Figure 1.41a) with the silicon support surface. This is
a destructive method and a lot of nanowires are crashed but it is still possible to find
many nanowires on the silicon surface that are not broken. We preferred this method
compare to the chemical deposition one because it is easier to control.

The second type of substrate that we have used, is a Si3 Ny membrane (see Figure
1.42).
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FIGURE 1.42: a) Membrane’s fabrication scheme b) Optical image of a membrane c)
HRSEM image of a membrane

The membranes have been realized by lithography processes described in Figure
1.42a: this process has been previously developed by Martien den Hertog (Institut
Néel) and i did the fabrication of these supports in the CNRS Nanofab. The first step
consists in the coating of a SigN4/Si/Si3N, substrate: the Si3sN, layer has thickness
of (50nm) that the membrane will have at the end of the process while the thickness
of the Si will define its lateral dimensions. By UV lithography we impress the resist
using a mask designed for the membrane. After we etch the sample to remove the
SizNy layer on the top part in order to be able to remove the Si by a KOH solution.
The KOH solution remove the Si along the (100) plane producing a characteristic
anisotropic V-etch with sidewalls that form a 54.7° angle with the surface (for this
reason the thickness of the Si will affect the later dimensions of the membrane). The
whole fabrication process took some months of work because membranes are really
fragile and their manipulation needs attention: in such a process with many different
steps, without a strong lithography experience, it is really easy to break them.

At this stage the membranes are ready and we can deposited a pattern of Al on the
surface to retrieve easily the nanowire after its deposition (see Figure 1.42b,c). Due to
the fragility of the membranes, the nanowires from the as-grown sample were trans-
ferred, using a dual beam FIB/SEM machine (Zeiss NVision 40 DualBeam) equipped

with a micromanipulator [59] by Jean-Francois Motte (Institut Néel, see Figure 1.43).

The interest to use such a support is that it permits to perform different type of mea-

surements on the same object like: micro-PL under magnetic field, TEM and EDX
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FIGURE 1.43: a) HRSEM image of a nanowire taken with the nanomanipulator’s tip
b) HRSEM image of the nanowire deposited on the membrane c) Zeiss NVision 40
DualBeam micromanipulator set-up [59]

characterizations and Cathodoluminescence imaging. This is a really key point, as
you will see later on in the thesis, because it allows to retrieve important information
such as the quantum dot structural and chemical composition and to use them to

analyze the optical measurements.
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1.7 Conclusions

We showed how to calculate the electron and hole exchange fields and the Magnetic
Polaron energies for a light hole and a heavy hole Magnetic Polaron. We extended
the "Exchange Box Model” to any hole character and in any configuration of applied
magnetic field (we focused our attention to the two cases where the field is applied

parallel and perpendicular to the quantization axis).

When the magnetic field is applied along the easy magnetization axis, the Giant Zee-
man shift of the fundamental state (for a light hole Magnetic Polaron the electron is
in the spin state I—%) and hole has kinetic momentum |+%) while for a heavy hole
Magnetic Polaron, the electron state is the same but the hole state is the |+%)) is de-

scribed by shifted Brillouin functions:

B +Bele+Bhole S
AE’S’E=—(ESQ+ES;Z)B§('§M”“B( =+ Bo 4 Ber)

kp (T + Thr)
n Esp gvnt (Bx+ B + 5BJ0) S
3 ) 2 kp (T + Tar)

Where we recall the electron and hole exchange fields:

ele _ a
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hole _ —,3
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When the magnetic field is apply along the hard magnetization axis, the light hole
and heavy hole Magnetic Polaron behave really differently. We have a rotation of
the magnetic moment that is described by the angle 6 (defined respect to the growth
axis). For the two cases we calculated the analytical formula for the angle that is given
by:
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For the Giant Zeeman shift of the fundamental state, if we consider, for example, the

limiting case of high magnetic field (B — +00), we have:

AEM = _E.Bs

2

5us (Béx’ + B)
kg (T + Tar)

gumniip (B +BELe + 1 Bhoe) S
kp (T + Tar)

E
AEH = - (Ese + T”’) B (

We see that the Giant Zeeman shift of the heavy hole fundamental state is small and,
at high magnetic field, is described just by the exchange field of the electron. The Gi-
ant Zeeman shift of the light hole is larger and can be described by a shifted Brillouin

function where the shift is given by B¢ + $ B/'e.

We can conclude that one way to discriminate experimentally a light hole or a heavy
hole emission, is to perform magneto-optical measurements with magnetic fields
applied parallel and perpendicular to the nanowire growth axis. For this reason, in
Chapter 3 we present optical studies where we changed the orientation of the mag-

netic field respect to the nanowire growth axis.



Chapter 2

Micro-photoluminescence at zero

magnetic field

2.1 Introduction

In this Chapter we are going to discuss all the nanowires optical properties that are
magnetic field independent. First we will present the studied samples and for one of
them (Sample 1) we will show a detailed structural and chemical characterization.
We continue by discussing the effect of elastic strain, that is really strong in such het-
erostructures, and we will show how it affects their optical emission properties.

In the second part of the Chapter, we present power dependence photoluminescence
measurements to determine the fine structure of the quantum dots and cathodolu-
minescence ones to spatially localize them in the nanowire.

In the last part of the Chapter, we show time dependent photoluminescence experi-
ments to check the single photon properties of the quantum dot and to highlight its
confinement properties.

We conclude by showing an original study, based on Fourier microscopy, to reveal

the fine structure of an emitter (in our case a quantum dot inserted in a nanowire).

2.1.1 Studied sample and structural analysis

Figure 2.1 shows the three samples more largely studied and characterized during

this thesis.

69
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Schemes of the samples studied in this thesis

Sample 1 Sample 2 Reference
Legend

ZnTe
(Zn,Mg)Te
CdTe

Au

FIGURE 2.1: Scheme of the samples studied in this thesis: Sample 1 is a ZnTe

nanowire with a (Cd,Mn)Te quantum dot and a (Zn,Mg)Te shell (nanowires NW1,

NW2, NW3), Sample 2 is a a ZnTe nanowire with a (Cd,Mn)Te quantum dot sur-

rounded by a (Zn,Mg)Te shell (nanowire MP1), Reference is a ZnTe nanowire with a
CdTe quantum dot and a (Zn,Mg)Te shell (nanowire RH1)

The Reference sample is composed by a CdTe quantum dot inserted in a ZnTe nanowire
passivated by a (Zn,Mg)Te shell. The growth process was described in Chapter 1.
We studied the Reference sample to check the good quality of the quantum dot: we
perform power dependence studies to retrieve the typical quantum dot cascade and
autocorrelation measurements to check the single photon emission property of the
quantum dot.

Sample 1 presents the same composition properties as those of the Reference sample
but we insert Mn atoms inside the quantum dot.

In Sample 2 all the growth parameters used for Sample 1 were kept identical but to
achieve a stronger hole wavefunction confinement, Mg was added all around the
quantum dot.

We will analyze and discuss the optical properties of 5 nanowires: 3 nanowires from
Sample 1 (NW1, NW2 and NW3), 1 nanowire from Sample 2 (MP1) and 1 from the
Reference sample (RH1). To avoid confusion, we collect HRSEM images of the 3
nanowires of Sample 1 in Figure 2.2, we will discuss the optical properties of MP1
in Chapter 4 and the ones of RH1 in Section 2.3.2.1.

Figure 2.2a shows the so called NW1: it is a nanowire deposited on a patterned SizNy
membrane, as described in Chapter 1. The SEM tip used to mechanically grab the
nanowire is visible in the upper right corner of Figure 2.2a.

Figure 2.2b presents NW2: this nanowire was mechanically deposited on a Si pat-

terned substrate by putting it in contact with the as-grown sample.
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HRSEM images of the best nanowires studied of Sample 1
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FIGURE 2.2: HRSEM images of the nanowires of Sample 1 that are going to be dis-

cussed a) NW1 is deposited on a patterned SisN, membrane b) NW2 is deposited on

a patterned silicon substrate c) Tilted HRSEM showing Sample 1 d) Image of NW3
showing its position on Sample 1

Figure 2.2d shows NW3: while NW1 and NW2 were deposited on a substrate, NW3
was directly measured on the as-grown sample (see Figure 2.2c). NW3 is a nanowire
that is close to the edge of the sample (see Figure 2.2¢). In this case there is no Al
pattern but it was relatively easy to retrieve its position thanks to the presence of a
big defect nearby (see Figure 2.2c).

We are interested in the study of the optical properties of quite complicated het-
erostructures. We have to consider how the elastic strain (originated by the lattice
mismatch) affects the emission properties of the quantum dots. We will present cal-

culations to determine the hole anisotropy AE.
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2.1.1.1 Quantum dot shape determination

Nanowire NW1 has been deposited on a Si3N, membrane. The use of a 50nm thick
membrane allowed us to perform different characterization techniques: micro-PL,
TEM, EDX, CL and magneto-optical measurements.

In this Section and the following one, we analyze the EDX hypermaps that we ac-
quired on NW1. Figure 2.3 shows the element maps around the quantum dot region

(localized at the tip of the nanowire).

EDX images taken on the (Cd,Mn)Te region of NW1

FIGURE 2.3: a) HRSEM image of NW1 b) EDX image of the NW1 tip c¢) Zoom of the
EDX image showing the (Cd,Mn)Te quantum dot

The EDX technique is a really powerful tool for chemical and compositional analysis:
a high energy electron beam is used to scan the sample and the emitted photons are
collected by an analyzer. By the analysis of the X-ray emitted spectrum, it is possible
to determine which element has been excited and then reconstruct a map as shown
in Figure 2.3b.

Thanks to the high resolution of the TEM hypermaps, it is possible to determine the
shape and the size of the quantum dot (see Figure 2.3¢). In the present case it is a very

small object. From the EDX analysis we get the following quantum dot dimensions:

TABLE 2.1: (Cd,Mn)Te typical dimensions

Dgp = 8nm \ Lop = 15nm ‘
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The presented measurements reveal something that will be really important in the
following: the quantum dot presents an uncommon shape. The dot is elongated

along the nanowire growth axis with an aspect ratio of % =2.

2.1.1.2 Determination of the Mn concentration

From EDX hypermaps, it is possible to trace different chemical profiles and then re-
trieve quantitative informations about the composition. We traced a profile at the
quantum dot position in Figure 2.4a and the composition of the most relevant ele-

ments Cd and Mn are shown in Figure 2.4b.

EDX chemical profiles on the (Cd,Mn)Te region
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FIGURE 2.4: a) EDX image showing the (Cd,Mn)Te quantum dot b) Chemical com-
position of the (Cd,Mn)Te quantum dot region showing the Cd and the Mn concen-
tration

To determine the correct concentration of each element, we built a model that uses
a set of five ellipses to reconstruct the quantum dot insertion. The software has been
developed by E. Robin while the fitting procedure has been developed by P. Rueda
Fonseca, J. Cibert and E. Robin [14]. Without entering into the details, the model
consists in the changing of the ellipses concentration (Zn, Mg, Cd, Mn, Te and O) and
their dimensional parameters to best reproduce the corresponding projected EDX

profile. The best fitting parameters leads to the following chemical concentrations:

TABLE 2.2: (Cd,Mn)Te chemical composition

| Mn=10%+2% | Cd=90% | Zn=0% |




Chapter 2. Nanowires and quantum dots properties at zero magnetic field 74

This analysis reveals pure (Cd,Mn)Te (there is no presence of Zn) and high Mn con-
centrated quantum dot. If we consider the empirical law, shown in Chapter 1, a Mn =
10% concentration means that the effective Min concentration is Xe¢ = 4% which de-
notes almost the maximum density of isolated spins for a DMS system (see Chapter
1).
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2.2 Theoretical Models

2.2.1 Elastic strain in core-shell nanowires and quantum dots

The nanowires have a core-shell structure with a (Cd,Mn)Te quantum dot embedded
in it. Moreover the chemical composition of the core is different from the compo-
sition of the shell and from the composition of the dot, leading to different lattice
mismatches that produce elastic strain in the core and in the quantum dot.

The strain affects the electronic properties of the system: the band edge emission has
a high sensitivity to the strain and the exciton emission is strain dependent. In this
Section we analyze the effect of the elastic strains induced by the shell.

In the first part of the Section, we analyze how the electronic emission properties of
a ZnTe core are affected by a (Zn,Mg)Te outer shell.

In the second part we calculate how the elastic strain affects the excitonic emission
of a CdTe quantum dot and moreover, at the end, we include the exact shape of the

quantum dot, revealed by the EDX measurements done on NW1.

2.2.1.1 Core-shell nanowires

We start by considering the effect of elastic strain in a core-shell structure. The sys-
tem is described in Figure 2.5: we can define r. as the inner core radius and r; as the

outer radius of shell one.

The general solution consists in the calculation of the displacement field u(7¥) which
relates the position of any point 7 in the strain material to its value in the unstrained
system [57]. The displacement field u(7) is the solution of the Lamé-Clapeyron-

Navier equation that is given by:

Z c 0 (Ouk + aul) 0 (2 1)
iikl— | —+—| = .
i,j,k H lax]' ax1 a.Xk

for the three directions x, y, z. The parameter c; ji; defines the stiffness tensor which

links the stress tensor o;; to the strain tensor ¢; ; through the Hooke’s law:

Oij= Zcijklek,l 2.2)
k1
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a, Core lattice parameter

a_ Shell lattice parameter

Core

FIGURE 2.5: Core-shell nanowire structure

the stiffness tensor c; jx; depends on the symmetry of the system. In the next Section
we show how to solve equation 2.1 considering two isotropic materials for the core-
shell structure.
If we take into account the translational invariance, typical of a cylindrical core-shell
structure, we can simplify the expression for the displacement field u(7). All the
ou; ou
z

derivatives of u(¥) are independent of z: aixj (W) =0 and hence 3} = Cis a constant

independent of 7. The general form of the displacement field will be given then:

u;(7) =Cz+D+u;(x,y) (2.3)

2.2.1.1.1 Theisotropic case

We start by considering the case where the core and the shell are considered as isotropic
materials: this system is well known in the literature [60]. The displacement field t(7)

is the solution of the Lamé-Clapeyron-Navier equation given by:

azu]-
axiaxj

azui
—+ A
,u%: axi + +,u)%:

=0 (2.4)

which contains three equations for x; = x, y, z. If now we consider a core-shell struc-

ture we can rewrite equation 2.4 including the invariance by translation:
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“(%4'00 )ux+()t+u)6x(aux+aa?) 0
N(ady +60 )uy+(/1+u)6y(6ux+aalyy):0 (2.5)
:u(aa?"'%)uz:o

Itis possible to define the displacement field taking into account the cylindrical sym-
metry [57] having:

uy =u,(r)cos
(2.6)

uy =u,(r)sind

Finally if we rewrite the Lamé-Clapeyron-Navier equation, in cylindrical coordinates

we have:

d—zuz(z) =0 = u,(z)=Cz+D

dz? ( )
d 2 2"
drz ur(]) rdrur(l) 2ur(]) - u"())—AJ +Br70

The parameters A, B,C, D have to be determined for each material. In cylindrical

coordinates (1,0, z) the strain tensor components is given by:

P ‘il”; =C axial strain

2
Epp = ii”rr A— Br—c radial strain (2.8)
Epp = —’ =A+ B local angular strain

The different strain components (see equations 2.10) are calculated by determining

A, B, C, D with the proper boundary conditions, of the core-shell structure, given by:

5z = Jes continuity at the interface
€g9 — €pg = Jes continuity at the interface
106, (re)—03,(re) =0 equilibrium at the interface (2.9)
0y,(rs) =0 equilibrium at the sidewall
nr2ol, +n(ri—r2)os, =0 equilibrium along z

We have then for the core strain components:
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2

€5, = (1 _r_g)fcs

s P , (2.10)
,=w=—{1-) o450
It is interesting to define the following strain components for the core:
\/égilxial: [€rr + €00 — 2€ 2] 2.11)
\/gg;:zydro =[err +Egg +E22]

The new defined strain components describe the change of volume (£1,4,0) and a
shear strain coupling the z axis and the xy-plane (e,;4;): these are the only terms
that influence the electronic properties of the core. In fact £,4,, and € x;q; allow to
calculate the effect on the excitonic emission. The symmetrical component €40
shifts the conduction and the valence band while the €,y;,; determines the light
hole-heavy hole splitting (AE7p).

The coupling of carriers to strain is described by the Bir-Pikus Hamiltonian. For the
holes, the 4 x 4 Hamiltonian, for the core with < 111 > direction, is diagonal and in

the hole states basis I%), I%), I—%% |—%> is given by:

P,+Q 0 0 0
0 P,- 0 0

Hgp = v=Q (2.12)
0 0 P,-Q 0
0 0 0 P,+Q

P, is proportional to the hydrostatic strain (¢jy4,0) and shifts the conduction and
the valence band. Q is proportional to €,4;,; and splits the valence band (light hole-
heavy hole splitting, AEr ).

More quantitatively, for the hole we have:

_dve
Q= meaxial
Py, = _av\/gghydro

(2.13)

Instead for the electron we have:
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P. 0
He=| ¢ (2.14)
With P, given by:
Pc =—acV3enyaro (2.15)

Where a, (a.) describes the hydrostatic deformation potential of the valence band
(conduction band) and d is the shear deformation potential in the < 111 > direction.

The exciton emission energy, for a heavy hole exciton, is then given by:

dv6
Where we have defined a = a. — a,.
For a light hole exciton we have:
dv6
Efy=Ef o+ Pe—Py+Q=Ey ;. — aV3enyaro + ﬁg‘”"“’ 2.17)
Where the light hole-heavy hole splitting AE}  is given by:
d
AELp = —=V8earial =2Q (2.18)

V3

The two quantities V3e hydro and V6¢€ 4viq1 are defined by equations 2.10 and 2.11:

2

_82) fshear

(1 r 8u
A+2u ré

\/§82ydro ( )fCS 3A,+2l,l,

r2\ . 31+2u r?
\/ngzxml ( )fCS /1+2M ( _r_;;)zfshear

13A+2u
fcsz A+2u

energy of the core for a core-shell nanowire oriented in the < 111 > direction is:

Where we have defined fsjeqr = . The expression for the excitonic emission
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d (. 13, 3A+2u
X X fCS}L+2u 2\/_ rs fes o A+2u
r2 8u d r 19
:Eb”lk—a(l——c) —i—(l__c)
X rsz fshear 3+ 2” 2\/§ rSZ fshear

Equation 2.19 is for isotropic materials and when the elastic properties of the com-
pounds are identical. In the next Section we will extract a more general equation
compared to the one 2.19 that will take into account the different elastic properties

of the materials, with different crystal structures, described by the stiffness tensor.

2.2.1.1.2 Calculation considering the elastic anisotropy

It is possible to calculate equation 2.1, taking into account the symmetry of the crys-
tal structure of the core-shell materials, as explained in [57]. The crystal structure
of the semiconductors is described by the stiffness tensor ¢; jx; with the appropriate
symmetry. In the case of cubic symmetry, as for the studied nanowires, we have for

the stiffness matrix:

i1 ci2 ¢z 0
ci2 ¢c11 ci2 0
ci2 ¢2 ¢ O
0 0 0 cyy
0 0 0 0 cy4
0 0 0 0 0 cyq

oS © o ©

Gij = (2.20)

o o O o O

Where the anisotropy is characterized by the parameter (c;; — ¢12 —2c¢44). By solving
the new set of Lamé-Clapeyron-Navier equations (see equations 2.1) we can retrieve

the new expressions for £¢

hydro and €¢ . [57] for a cubic nanowire along <111>:

2
\/g c —[1 s 011—612+6C44
Enydro = |1~ 2 Jes
re C11+Ci2+2Cy4

V6 =(1—r32)f c11+2¢12

o |Jcs
r? C11+ Ci2+2Cy4

The expression for the excitonic emission energy is then:
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2 2
ENW _ pbulk 1 s 011—612+6644+ d 1 Ty c11+2c¢12

x “Ex —all-— et - | fos——/—————
re re Cl1+Ci2+2Cy4

+ (2.21)
“enteont22a V3
Note that for an isotropic crystal: ¢;; — ¢12 =2c¢44 = 2 and ¢;; = A + 2 retrieving the
equation 2.19 of the previous Section.

For the ZnTe we can use the deformation potentials and stiffness coefficients that

can be found in [61-63], summarized in the following tables:

TABLE 2.3: ZnTe deformation potentials

_ d _
a=>5.3eV 5o 2.5eV

TABLE 2.4: ZnTe stiffness coefficients

| c11=73.7GPa | c1 =42.3GPa | c44 =32.1GPa |

It is then possible to calculate the excitonic emission (in meV), using equation 2.21,

for a cubic ZnTe nanowire with a heavy hole ground state:

2
.
E)I;IH:2381—88(1—r—32)fcs (2.22)
C

and for a light hole ground state:

2
.
ET =2381-44 (1 - —;) fes (2.23)
rC

As we have extracted the equations to calculate the excitonic emission energy for a
ZnTe nanowire, we can compare them with the value found in the literature: a work
done by P. Wojnar et al. [13, 46]. If we consider the structural properties of their
nanowires we have D, = 70nm, D = 130nm and f.s; = 1.04% which corresponds to
the lattice mismatch between a ZnTe core and a Zny gMg, , Te outer shell. We obtain
an exciton emission energy of 2.31eV corresponding to a heavy hole ground state, in
agreement with the experimental value [13].

We will use equation 2.21 to calculate the theoretical exciton emission energy for
a ZnTe core in a (Zn,Mg)Te shell as function of the averaged Mg concentration in
the shell (xg (1 — :—ij)) and we will compare it to our experimental results in Section
2.3.1.3.
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2.2.1.2 Quantum dots

2.2.1.2.1 Circular approximation for elongated quantum dots

A first approximation, to calculate the strain in a (Cd,Mn)Te quantum dot inserted
in a ZnTe nanowire, is to assume that we have a core-shell structure with a circular
symmetry. It corresponds to an infinitely long cylindrical quantum dot of (Cd,Mn)Te

as a core surrounded by a ZnTe shell and a (Zn,Mg)Te outer shell (see Figure 2.6).

ZnTe

FIGURE 2.6: Core-shell nanowire structure

It is possible then to use the same formalism, shown in the previous Section, to cal-
culate the excitonic emission energy for the core. We made an approximation to sim-

plify the calculation: we took the same stiffness tensor in the whole structure:

core _ _shell _ _shell _ . ZnTe
Cijki = Cijk1 = Cijki = Cijki (2.24)
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€S, —€3, = fes continuity at the interface

&5, €5, = fos continuity at the interface

Epp —Egp = Jes continuity at the interface

< Epg — 5519 = fss continuity at the interface 2.25)

06, (re)—03,.(ro)=0 equilibrium at the interface

03 (1) =05, (rg) =0 equilibrium at the interface

oS (rg) =0 equilibrium at the sidewall

nr2ol +n(rt—r3os, +n(rk - 120, =0 equilibrium along z

By solving numerically equation 2.7 with the proper boundary conditions given by
equations 2.25, itis possible to retrieve €, ,, €gg, €, and then the corresponding strain
values €nydro, €axialr €shear, fOr the inner core and the shell. Using these values we

have:

Core VBe, = (€7, + €59 —265,] = Qe

\/§£Zydm = €6, + by +€5,] = P,

\/6£inal = [8‘;r + 839 - 2822 = QS
(ZnTe)Shell \/§gf1ydm = [Eir + 529 + géz] = P (2.26)
\/z‘c’“sqhear = [‘C’w;r _826] =R

We can calculate the values €9° , 9% ¢S
hydro’ ~axial’ ~ shear

with CdTe/ZnTe/(Zn,Mg)Te and (Cd,Mn)Te/ZnTe/(Zn,Mg)Te (see Figure 2.7).

for the two different configurations

We have considered a inner core radius of 5nm, a radius of 50nm for the ZnTe and a
radius of 20nm for the (Zn,Mg)Te outer shell.

For the shell, close to the interface with the core, ¢}, and ¢, don’t compensate lead-
ingto sj hear # 0. The Bir-Pikus Hamiltonian (written in the hole basis |+ %) L+ %) N —%) = %))

is not anymore diagonal and is given by:



Chapter 2. Nanowires and quantum dots properties at zero magnetic field 84

0,12F T T — T T T T ™ 0,12F T T T T T T T ™
— o040k Strain CdTe/ZnTe/(Zn,Mg)Te | _ (4ol Strain (Cd,Mn)Te/ZnTe/(Zn,Mg)Te]
% 0’08 L % 0,08 I _SHydro
o 006} o 006} Eaia
= 0,04} = 0,04}
2] [2] €
E 0,02 o “E 0!02 L Shear|
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FIGURE 2.7: @) €nydros Eaxials Eshear Tor a CdTe/ZnTe/ (Zn,Mg)Te nanowire b) €547 0,
Eaxial> Eshear for a (Cd,Mn)Te/ZnTe/(Zn,Mg) Te nanowire
P,+Q -S R 0
-8 P,—-Q 0 R
. (2.27)
0 R* S* P,+Q

The non diagonal term R and S, are responsible for the mixing between the different
hole states. The R term mixes the hole state |ir%) with the state |¥35) while the term S
mixes the hole state |i%> with the state |i%>.

Having the values of the strain, it is possible to determine the heavy hole-light hole

splitting AEr g, in the core and in the shell, and the mixing term AE,,;, in the shell
defined by:

AES
AEfy _ d ¢ _ 7= %\/égilxial = Qs
2 - 75 6€axial - QC 2d V2es
Core (ZnTe)Shell{ AES . = |24 4 b] shear — P
AE¢ . = mix V3 3
mix S—0

(2.28)
In Figure 2.8 are traced the two quantities Q and R for a CdTe/ZnTe/(Zn,Mg) Te nanowire.

Without entering too much into the details, the strain component R is proportional

1

to ﬁe‘zw and is traced in blue in Figure 2.7a,b. We will discuss the importance of

this term in Section 2.2.2. The parameters used for the calculation are given in the

following tables:
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FIGURE 2.8: Strain Hamiltonian parameters for a CdTe/ZnTe/(Zn,Mg)Te nanowire

TABLE 2.5: ZnTe potentials

| ay=0.79eV | d=-4.3eV | b=-13eV | a=-5.48eV=ac—ay |

TABLE 2.6: CdTe potentials

| ay =0.55eV | d=-5.1eV | b=-1.15eV | a=-3.85eV =ac —ay |

From Figure 2.8 it is possible to extract the expected values for the heavy hole-light
hole splitting AE; i without considering the mixing term. In the core we expect a
light hole exciton ground state with a light hole-heavy hole splitting of 2Q. = AE; i =
300meV. In the shell the exciton ground state is a heavy hole with a much smaller

splitting equal to 2Qs = AE y = —12meV.

2.2.1.2.2 Strain effect considering an ellipsoidal shape quantum dot

Even though (as you will see in the following) the calculation done in the previous
Section will be very useful to interpretate the experimental results, the quantum dot
shape is not infinitely long according to the EDX results.

In this Section we calculate the strain effect taking into account the real shape of the
CdTe quantum dot. To simplify a bit the calculation, we will consider the isotropic
approximation like in Section 2.2.1.1.1 and an ellipsoidal quantum dot shape in a
infinite nanowire. This is a well known case and the elastic strain components that
affects the quantum dot have been calculated by J.D. Eshelby [64] (inside an ellip-

soidal inclusion) and [65] outside.
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ZnTe

FIGURE 2.9: Core-shell nanowire structure

The deformation of an ellipsoid is uniform. It depends on f.s and on a shape factor
) (%), where L is the length and D the diameter of the quantum dot. The shape factor

function ¢ (%) is given by the analytical formula:

1-—2%_cos™lx
px)=1-—"FH——r ll’fzxz when x<1

1-—=—cosh™'x

V2_
— 5 ——— when x>1

(2.29)
px)=1+

The strain components, in cylinder coordinates, for the quantum dot is given by:

L
Err = €09 = Jes — Ish D
Quantum Dot " Jes=Js em(p(D) (2.30)

€22 = fes + 2fshear [(P(%) - 1]

Where the quantity fs;.4 was introduced in the previous Section:

131+2u

fshear = fcsE /1+2'u

(2.31)

Then, we can trace how the strain tensor changes as function of the aspect ratio %,

from a 2D layer to a core-shell structure:
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Ellipsoid inclusion in an infinite matrix: v=0.27

"§ 1,0 _.l_.. A - = =
2
~ 1+v)/2(1-
< 05} (1+v)2(1-v)
g (1+v)/(1-v)
2
g 0,0F
8 ° '... Ezz grr= 890
% 05} o® * o o Eshelby tensor | |
D . — = = =core-shell
'% - sphere
= — = 2D layer
? .10 - -
0,1 1 10

Ellipsoid aspect ratio (L / D)

FIGURE 2.10: Strain Tensor as a function of the aspect ratio %

It is interesting to look at what happens in the limit cases: for % >> 0 (infinitely long

quantum dot case) we have (cylinder limit):

Err = €00 = fes — fshear

(2.32)
€22= fes
For % = 0, finite long quantum dot case (quantum well limit):
Err=Epp =
rr fcs (2.33)
€22 = fes— 2fshear
For % =1, the spherical case:
2
Err = €99 = €72 = fos— gfshear (2.34)

As we have calculated the strain components €, €gg and ¢, for the ellipsoid quan-

c

Crial" Moreover, we can de-

tum dot, we can derive the expressions for ezy dro and €

duce the strain components for the shell just at the interface with the quantum dot



Chapter 2. Nanowires and quantum dots properties at zero magnetic field 88

using the boundary conditions (the calculation of the strain in the shell, far from the

dot, is more complicated). We have then:

AEfy _ d \/—
= 6¢
Quantum dot Tz axial =
AEﬁmx =0
AEry _ d —
Shell 2= V0 = Q (2.35)
AES. = [ 24 1 p| yaotyer = R,

Using equation 2.35 it is possible to trace the two parameters Q and R for the quan-

tum dot and for the shell as function of the ratio %. The results are shown in Figure

2.11.
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FIGURE 2.11: Strain Hamiltonian parameters for a CdTe ellipsoidal quantum dot in
a ZnTe nanowire, the potentials are given in Table 2.7

TABLE 2.7: CdTe/ZnTe potentials

CdTe

d=-5.1eV

b=-1.15eV

/ZnTe

d=-4.3eV

b=-1.3eV

From Figure 2.11 we can see that for an infinite core % = 10 we retrieve the value

of AEr = 2Q. = 300meV that we have calculated in the previous Section. For flat

quantum dots % =0.01, we have AE;; << 0. This means that we have a heavy hole

exciton as a ground state, with a very far light hole excited state (AE; y = —600meV).

This is what is observed for self assembled quantum dots. We can try to estimate
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what we could expect for NW1, the nanowire where we have performed EDX map-
ping and that has been presented in Section 2.1.1.1. From Figure 2.11, using % =2,
one can predict an exciton ground state with a light hole character and with a light
hole-heavy hole splitting AE; iy = 140meV.

The change on the hole character, depending on the aspect ratio %, has been calcu-
lated also for IT1I-V materials (InAs quantum dot inserted in InP nanowire) and can be
found in [66].

By performing photoluminescence experiments under magnetic field, we can deter-
mine the experimental value of AE; ;; and we will check if it is in agreement with the

calculated one.

2.2.2 Discussion of LH-HH splitting and transition from Type I to
Type II quantum dots

In this Section we summarize the results obtained with the different theoretical mod-
els that have been explained in Section 2.2.1.2. These considerations will be very use-
ful to understand all the experimental results discussed in the following.

We start by considering the valence band-conduction band profiles for a (Cd,Mn)Te
quantum dot inserted in a ZnTe nanowire without the presence of strain (see Figure
2.12).

No Strain : E,(CdTe) =1606meV
CB ZnTe !(Cd,Mn)Te! ZnTe Eg(ZnTe) =2391meV
1 E,(MnTe) =3198meV
v E,(MgTe) =3600meV
e —e@—] clectron
2391meV v !
1756mev§ E,(Cd,,Mn, Te) = 1606 + 1592x
y | v : E,(Zn, Mg, Te) =2391+537x +270x’
VB 2 yf——] hoe 500meV < V. < 600meV
| | -50meV <V, < 50meV

With V>0 => hole confinement!

FIGURE 2.12: Band profiles for an unstrained (Cd,Mn)Te quantum dot in a ZnTe
nanowire

The value of the band offsets of the systems CdTe/ZnTe is not very well known: only
the gap difference AEg = Eg(ZnTe) — Eg(CdTe) = Voc + Vo is known.



Chapter 2. Nanowires and quantum dots properties at zero magnetic field 90

We can however discuss values of V¢ and Vpy using what have been reported in
the literature [17]. V¢ is quite large (500meV < Vyc < 600meV) leading to a fully
confined electron. For the valence band —50meV < Vi < 50meV leading to at best
a not so strong confinement potential for the holes. For a high Mn concentration
in the quantum dot (Mn > 8%), it has been calculated in [17], that Vi — 0: the
confinement is governed just by the Coulomb interaction with the electron.

We will summarize now how the elastic strain affects the electronic properties of the
(Cd,Mn)Te quantum dot for the two limiting case: Vyy = 50meV (confined hole, Mn =
1%) and Vyy = —50meV (hole not confined) . The main results of the two different

approximations described in Section 2.2.1.2 are shown in Figure 2.13.

Core Shell

Cylindrical

. . AE 4= 300meV AE 4= -12meV
approximation

. . Pole AE = +660meV
Ellipsoidal AE,,= 140meV
Quantum dot Equator AE . =-140meV

FIGURE 2.13: Summary of the main results of Section 2.2.1.2

For both approximations, when the exciton is well confined in the quantum dot
(Vov = 50meV, Type I quantum dot), the expected ground state has a light hole na-
ture with a quite large heavy hole-light hole splitting: AEEZ = 140meV and AE?;} =
300meV.

The situation is more complicated in the case of a not fully confined exciton (Vyy =
—50meV, Type II quantum dot): for the cylinder model, if we neglect mixing, the
ground state has a heavy hole nature with a rather small heavy hole-light hole split-
ting AEB:II = —12meV. In the case of an ellipsoidal quantum dot, we have two differ-
ent cases: if the hole (the electron wavefunction is supposed to be fully confined) is
localized at the pole of the quantum dot, the ground state is a light hole exciton with
a AEEZ = 660meV. If the hole is localized at the equator, the ground state is a heavy
hole exciton with AEEZ = —140meV.

You will see, when we will analyze the experimental results, that there are nanowires
having a heavy hole exciton ground state with a small AE;y around 10meV (Sam-
ple 1, NW1 and NW2) showing probably a partially delocalized hole wavefunction

around the quantum dot. Other nanowires will have a light hole exciton ground state
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with a AEp g around 20 meV (NW3 of Sample 1 and MP1 of Sample 2) leading to a

more confined hole in the dot.
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2.3 Experimental results

2.3.1 Nanowire emission spectrum

In this Section we will present all the experimental results obtained on pure ZnTe and
ZnTe/(Zn,Mg)Te core-shell nanowires.

First we performed micro-photoluminescence experiments on pure ZnTe nanowires

to check their good optical quality. We analyze the emission properties of the nanowires
and we show, for the first time, the exciton emission from ZnTe nanowires. We con-
clude this part showing that it is necessary to cover the nanowire with a (Zn,Mg)Te

shell because although the ZnTe nanowire has a good crystalline quality and presents

an excitonic emission, the photoluminescence intensity is rather weak.

In the second part we show the microphotoluminescence studies done on ZnTe/(Zn,Mg)Te
core-shell nanowires. We analyze the excitonic emission position and we will discuss

the effect of the elastic strain on the optical properties.

2.3.1.1 ZnTe nanowire

In this Section we present the main results obtained with pure ZnTe nanowires [16].

Geometry and emission properties of the ZnTe nanowires
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FIGURE 2.14: a) Superimposition of the HRSEM image of a ZnTe nanowire and the

CL image (yellow pixels) recorded at 6K b) Nanowire diameter as a function of the

position along the nanowire axis c) Cathodoluminescence intensity (integrated over
a 12nm x 120nm) as a function of the square of the nanowire diameter
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Figure 2.14ais a HRSEM image of a typical ZnTe nanowire that has been deposited on
a patterned silicon substrate (see Chapter 1). Moreover, in Figure 2.14a, we superim-
pose the cathodoluminescence image obtained on this nanowire (yellow pixels) on
the HRSEM one. For cone-shaped nanowires [14, 48] (see Figure 2.14b) the cathodo-
luminescence intensity is high at the base of the nanowire and becomes smaller and
smaller when we move towards the tip of the nanowire. If we trace the cathodolumi-
nescence intensity (integrated over a rectangle wider than the nanowire diameter) as
a function of the square of the nanowire diameter (see Figure 2.14c) we see that the
CL signal is proportional to D?. This suggests that the radiative efficiency remains
constant along the nanowire, with a CL intensity determined by the excitation den-
sity which is proportional to D?.

We performed micro-photoluminescence studies on the nanowire (shown in Figure

2.14a). The main results are plotted in Figure 2.15.

Photoluminescence properties of the ZnTe nanowires
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FIGURE 2.15: a) Micro-PL spectrum of the nanowire shown in Figure 2.14a b) De-

pendence of the PL intensity on the angle 8 between the nanowire axis and the di-

rection of the linear polarization of the laser excitation (closed circles) or the emitted
light (open circles)

The micro-PL spectrum is dominated by a single emission peak close to the ZnTe ex-
citon band edge. We fit the spectrum by two Gaussian functions having a full width
at half maximum equal to 4meV. The main peak is located at 2383.7meV: it is blue
shifted compared to the ZnTe excitonic emission expected at 2381meV (for the bulk
exciton) [62, 67]. The small satellite peak observed 5meV below the main peak is
attributed to bound excitons. These results are apparently in contrast with the stud-
ies performed on ZnTe nanowires with a (Zn,Mg)Te shell [13] presented in Section
2.2.1.1.2. This will be clarified at the end of this Section.

In Figure 2.15b, we plot the variation of the intensity of the band-edge emission peak

by changing the linear polarization of the laser excitation (closed circles) or of the
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detection (open circles). The maximum of the emission intensity is reached when
the polarization is parallel to the nanowire axis (6 = 0). Polarization rates of about
70% are observed for emission and detection, in agreement with the value reported
with III-V standing nanowires [68]. These effects result from the dielectric screening
induced by the characteristic aspect ratio of the nanowires [69].

We showed that the ZnTe nanowires have a good crystalline quality presenting an ex-
citonic band edge emission. But the intensity of the emission is rather weak and you
will see, in the next Section, that covering the ZnTe nanowires by a (Zn,Mg)Te shell

enhances the photoluminescence intensity.

2.3.1.2 ZnTe/(Zn,Mg)Te core-shell nanowire

In this Section we present the experimental results obtained on ZnTe nanowires cov-

ered by a (Zn,Mg)Te shell (the scheme is shown in Figure 2.16a).

Emission properties of a ZnTe/(Zn,Mg)Te nanowire
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FIGURE 2.16: a) Scheme of the studied nanowire called GK1 b) HRSEM image of GK1

¢) Monochromatic cathodoluminescence image recorded at the excitonic emission

energy d) Integrated cathodoluminescence intensity as a function of the square of
the nanowire diameter

The most studied nanowire has been called GK1 and its HRSEM image is shown in
Figure 2.16b. Figure 2.16¢ presents the monochromatic cathodoluminescence im-
age recorded at the excitonic band edge emission (see Figure 2.17a). As for the pure
ZnTe nanowire, the CL intensity is locally uniform and it depends on the nanowire
diameter (also in this case we have a cone-shaped nanowire and the CL intensity is a

function of D?, see Figure 2.17d).
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We performed also micro-PL experiments on GK1. The results are traced in Figure
2.17.

Photoluminescence properties of GK1

—

ZnTe
Bulk
Exciton
2381 meVj

a)

PL Intensity (a.u.)

\
2300 2320 2340 2360 2380 2400
Energy (meV)

FIGURE 2.17: a) Micro-PL spectrum showing the excitonic line of GK1 b) Superim-
position of the HRSEM image of GK1 and the polarization diagram of the excitonic
line

The PL spectrum is traced in Figure 2.17a: the excitonic emission is red shifted com-
pared to the ZnTe band edge emission. The main peak is located at 2350meV: this
value is really different from what we observed for pure ZnTe nanowire where we
found 2383.7meV. This apparent discrepancy will be clarified in the next Section.

In Figure 2.17b we traced the superimposition between the polarization rate of the
PL emission (Figure 2.17a) and the HRSEM image of GK1. Like for the pure ZnTe
nanowires, the maximum of the emission intensity is reached when the polarization
is parallel to the nanowire axis. We observed polarization rates of about 80% for the
detection (in this case we didn’'t performed polarization resolved measurements for

the excitation).

To conclude this Section we present a last Figure to show how, by adding a shell
around the nanowire, we enhance its photoluminescence emission properties (Fig-
ure 2.18). Figure 2.18 shows the micro-PL spectra of pure ZnTe nanowire and ZnTe
nanowire covered by a (Zn,Mg)Te shell. The two spectra have been recorded in the
same conditions: we acquired them at 5K using the same excitation power and both
nanowires were deposited on a patterned silicon substrate. The passivation of the
surface, done by the (Zn,Mg)Te shell, increase the photoluminescence emission in-

tensity of about 10* times.
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FIGURE 2.18: Comparison between the micro-PL spectra of pure ZnTe nanowire
(blue) and ZnTe nanowire with a (Zn,Mg)Te shell (red) acquired with the same exci-
tation power (100uW) and at 5K

2.3.1.3 Determination of the strain in ZnTe and core-shell nanowires

It is possible to trace the expected excitonic emission energy for a ZnTe nanowire
covered by a (Zn,Mg)Te shell using equation 2.21. In Figure 2.19, the excitonic emis-

sion energy is plotted as a function of the averaged Mg concentration expressed by

1-
ng( - r_sz)

Figure 2.19 shows the good agreement between the calculation and the experimen-
tal points. The black circled points are taken from [46] (Wojnar Ref 2 on the Figure),
the green square point is taken from [13] (Wojnar Ref 1 on the Figure) while the red
square point is what we have found and shown in Section 2.3.1.2 (the horizontal er-
ror bar is caused by the incertitude in the determination of the Mg concentration).
From the Figure it is clear that the exciton emission energy strongly depends on the
averaged Mg concentration but in all the cases the exciton ground state has a heavy
hole nature.

For pure ZnTe nanowires the situation is different. If we look at the Figure 2.19, we
see that the blue shift (exciton emission energy equal to 2383.7meV) observed in pure
ZnTe nanowires, could be attributed to a light hole exciton ground state. This is pos-
sible if the ZnTe core is under a small compressive strain induced by a shell. TEM
measurements, done on some ZnTe nanowires, reveal the presence of a thin oxide

shell that could be responsible for the compression of the core part [16].
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FIGURE 2.19: Exciton emission energy of a ZnTe/(Zn,Mg)Te nanowire as a function
of the averaged Mg concentration along the nanowire. The vertical error bars are
defined by the emission energy linewidth

2.3.2 CdTe quantum dot emission spectrum
2.3.2.1 Exciton fine structure of the Reference sample

In this Section we present the analysis done on a CdTe quantum dot inserted in a
ZnTe nanowire called RH1. Before inserting Mn atoms inside the quantum dots, our
motivation was to check the good quality of a pure CdTe quantum dot. RH1 is shown
in Figure 2.20b while a HRSEM image of the as-grown sample is shown in Figure
2.20a.

To characterize the quantum cascade of a quantum dot, we performed micro-PL ex-
periments on RH1: the results are shown in Figure 2.21. The spectrum at low power
(see Figure 2.21b) is composed by three components: L, L, and L3 identified by a
Gaussian fit. To study the nature of these emitting states, we performed power de-
pendence photoluminescence studies.

The evolution of the three components is shown in Figure 2.21c. From the Figure we
can see that the two components L; and L, have a quite similar linear dependence
with the laser power (P! and P'). Due to the proximity in energy of the two compo-
nents (the splitting is around 3meV) we cannot analyze properly each line.

Nevertheless we can do another consideration: L, saturates at high excitation power
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Identification of RH1: nanowire of the Reference sample

FIGURE 2.20: a) HRSEM image of the as-grown sample b) HRSEM image of RH1
deposited on the patterned silicon substrate

leading to the conclusion that this could be attributed to the exciton state [17]. L,
could be then attributed to a charged excitonic state (the line is in fact also located at
lower emission energy).

The other two components Lz and L, have superlinear dependencies (P!> and P?3)
with the excitation power: we could attribute L3 to the biexcitonic state while L, is
the triexciton state.

The separation in energy between the exciton (L;) and the possible biexcitonic state
(L3) is around 6meV: it is the same value found in [17] showing a comparable quan-
tum confinement. A complete overview of the CdTe quantum dot inserted in ZnTe

nanowires could be found on the thesis [17].

To conclude this Section we can make some considerations also on the L, L,, L3 and

L4 linewidths. These are reported in the table:

TABLE 2.8: CdTe quantum dot linewidths

| Ly =3.2meV | L, =3.6meV | L3 =3.6meV |

If we consider the linewidth of the excitonic state FWHM = 3.2meV we see that is
much bigger than in CdTe self assembled quantum dots where it is possible to find
linewidths between 10ueV to 50ueV (moreover linewidths can be even smaller than
10ueV but they are limited by the resolution of the spectrometer). The broadening of
the line, in the case of nanowires, is usually attributed to the spectral diffusion which
results from Stark shift of the excitonic line due to the presence of surface charges
[70]. This broadening, for self assembled quantum dot, is suppressed thanks to the

presence of a capping layer that keeps the charges far from the quantum dots.
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FIGURE 2.21: a) Photoluminescence spectrum of RH1 at high laser excitation 6.7uW

b) Photoluminescence spectrum of RH1 at low laser excitation 0.2uW c) Photolu-

minescence intensities as function of the laser excitation power for the four compo-
nents L1, Ly, Ly and L4

2.3.2.2 QD spatial localization using CL experiment

We perform also cathodoluminescence experiments to spatially localized the CdTe
emission on RH1. The results are shown in Figure 2.22. Due to the lower resolution
of the CL set-up, it was not possible to resolve the three different components (see
Figure 2.22d) identified by the micro-PL studies, shown in the previous Section. We
acquired then a monochromatic cathodoluminescence image integrating all the sig-
nal of the CdTe emission as shown in Figure 2.22c. From Figure 2.22c, it is clear that
the emitted light is spatially localized and it is located at a position corresponding to
% of the nanowire length.

We acquired also a monochromatic cathodoluminescence image at the energy of the
ZnTe emission (see Figure 2.22b). In contrast to the CdTe emission, the ZnTe one is
coming from all the nanowire, as expected (the CL signal at the tip is lower due to the

smaller diameter and hence a lower excitation efficiency).

In the next Section we present a simplified model to extract the characteristic diffu-

sion lengths of excitons in the nanowire.
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Quantum dot spatial localization of RH1
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FIGURE 2.22: a) HRSEM image of RH1 b) Monochromatic Cathodolumines-

cence image recorded at the ZnTe emission energy (2300meV) c) Monochromatic

Cathodoluminescence image recorded at the exciton emission energy (1880meV)
d) CL spectrum showing the ZnTe emission and the CdTe signal

2.3.2.2.1 Model to extract the diffusion lengths

In this Section we explain how we fit the quantum dot emission profile using the
diffusion equation [71]. Figure 2.23a shows the diffusion model scheme while Figure

2.23b shows the intensity profile.

We consider a 1D model for the diffusion along x using the intensity integrated per-
pendicularly to x. The scheme of the system is shown in Figure 2.23a. We excite the
nanowire at x = 0 with the electron beam: the carriers diffuse along the nanowire and
they are trapped in the quantum dot region (having a trapping extension 2x;). When
the carriers reach the quantum dot they recombine and emit a photon.

The goal is to calculate the cathodoluminescence intensity profile that it is given by

the following equation:

Iop(xo) = f Iop(X)Ppeam(xo — x)dx (2.36)

X

Where ¢peam(x0) = %e_ZU

and Iop(x) is the solution to the diffusion equation and given by:

|ON

o

is a Gaussian function that describes the electron beam
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FIGURE 2.23: a) CL model scheme b) RH1 integrated cathodoluminescence exci-
tonic emission profile recorded using a photomultiplier (PM) detector
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Iop(x) = ¢ppe “rov x> X; (2.37)
Iop(x) = ¢y —x; < x|< x;

Lpase and Ly, are the exciton diffusion lengths for x < —x; and x > x;.

The derivation of equation 2.37 is presented in Appendix C.

2.3.2.2.2 Fitting the CL profile
We used equation 2.36 to fit the RH1 cathodoluminescence profile, the result is shown
in Figure 2.24.

The parameters used for the fit are given in Table 2.9.

TABLE 2.9: CdTe quantum dot diffusion lengths

Liop =35nm | Lpgse = 90NM \ e—beam(FWHM) =80nm | 2x; = 10nm
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FIGURE 2.24: a) RH1 integrated cathodoluminescence excitonic emission profile
with the model fit (in black)

We see that for RH1 we have an asymmetrical profile leading to two different diffu-
sion lengths L;,, and Lj,s.. We have the biggest diffusion length L_ for excitons that
recombine towards the base of the nanowire. This could result from a more efficient
radiative recombination that is linked to the higher thickness of the nanowire. If we
look at the HRSEM image of RH1 we see in fact that it has a cone-shape form, like all

the nanowire that have been studied (see Chapter 1).

2.3.3 (Cd,Mn)Te quantum dot emission spectrum

In this Section we present the analysis done to characterize the emission proper-
ties of the (Cd,Mn)Te quantum dot inserted in ZnTe nanowires. Moreover we show
how we spatially localize the quantum dots using cathodoluminescence measure-
ments (NW1 and NW3) or photoluminescence ones (NW2). The fundamental state,
the more intense at low excitation power, is always called L, : this is the exciton state.
The excited states are denoted from L, up to Ls: for these states the assignment of
the emission nature is not always clear and hence from nanowire to nanowire, the

same labeling may not denote the same excited state.
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2.3.3.1 Doublet emission lines broaded by magnetic fluctuations

2.3.3.1.1 NWwW1

We performed power dependence photoluminescence studies on all the nanowires
studied in this thesis, to determine the typical quantum cascade of the quantum dot.

Figure 2.25 shows the micro-PL results of NW1.
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FIGURE 2.25: a) NW1 quantum dot emission at higher power where it is visible

the multi-excitonic line b) NW1 quantum dot emission spectrum taken at very low

power c¢) PLintensities of the main lines versus the excitation power (the component

L3 will appear when we will show the magneto-optical measurements done on this
nanowire, see Chapter 3)

The spectrum at very low power (see Figure 2.25b) is dominated by a doublet: we
identified the two components L; and L, by a Gaussian fit. At higher laser power
(see Figure 2.25a) an excited state L, starts to be populated. If we trace the photo-
luminescence intensity as function of the excitation power (see Figure 2.25c) we see
that the L, component has a nearly linear dependency with the laser power: we can
then suppose that L, is the excitonic state X. The L, component has a superlinear de-
pendency with the excitation power and could be attributed to the charged excitonic
state CX or could even be the biexcitonic one XX.

It is not easy to determine what could be the state described by Ls: its dependency

on the laser power reveals an excited nature. If we look at what we measured for the
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pure CdTe quantum dot (RH1, Section 2.3.2.1) we could attribute the state Ls to the
X3 (Triexciton).
In the following table we present the typical linewidth of a (Cd,Mn)Te quantum dot.

TABLE 2.10: (Cd,Mn)Te quantum dot linewidths

] Ly =6meV \ Ly =9.2meV ‘

If we compare these values with what we found for pure CdTe quantum dot (RH1,
Section 2.3.2.1) we see that the lines are broader. This extra broadening is expected
from the thermal fluctuations of Mn spins [72]. A full study on the fine structure
properties of self assembled (Cd,Mn)Te can be found here [17]. Figure 2.26 shows

the variation of the excitonic linewidth as function of the Mn atoms concentration.
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FIGURE 2.26: a) Experimental spectra of (Cd,Mn)Te QDs with different Mn concen-

tration recorded at 6K b) Fitted exciton emission lines of samples with different Mn

concentration c¢) Full width at half maximum of emission line as a function of Mn
concentration, images taken from [17]

From Figure 2.26 it is clear that the observed increase in linewidth follows the in-
crease of Mn concentration. From Figure 2.26¢, considering the experimental er-
ror, we see that considering 7% < Mn < 10% the linewidth fluctuates in a range of
5meV<FWHM<8meV that is in agreement whit the value found for NW1 (From the
EDX measurements done on NW1 we found that the typical Mn concentration for

Sample 1 is around 10% + 2%).
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2.3.3.1.2 NW2

We studied also the fine structure of NW2 with a detailed power dependence charac-

terization. The results are shown in Figure 2.27.
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FIGURE 2.27: a) NW2 quantum dot emission spectrum taken at different excitation

powers b) PL intensities of the main lines versus the excitation power (the compo-

nents L3 and L4 will appear when we will show the magneto-optical measurements
done on this nanowire, see Chapter 3)

Like for NW1, at very low excitation power (Figure 2.27a), the spectrum is dominated
by a doublet that can be fitted by two Gaussian components L; and L,. With the
increase of the laser power, both L; and L, show a linear dependence and they satu-
rates at the same laser power: we can’'t then conclude about the nature of both lines.
We decided then to do time resolved measurements, as you will see in Section 2.3.4,
to clarify the nature of this doublet.

Like for NW1, at high laser power, we can identify an excited state Ls that has a su-
perlinear dependency with the excitation power and could be attributed to the X3

(Triexciton).

2.3.3.1.3 NWw3

Figure 2.28 shows the results concerning the fine structure of NW3.

Atlow excitation power (see Figure 2.28a) the spectrum is dominated by a multi-peak
structure where we can identify two main components L; and L, by a Gaussian fit.
With the increase of the laser power (see Figure 2.28b) L; increases linearly with the
laser power and then may be attributed to the exciton X. L, grows superlinearly with

the excitation power and we can associate this state to an excited state called X*. The
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FIGURE 2.28: a) NW3 quantum dot emission spectra at different excitation pow-

ers b) PL intensities of the main lines versus the excitation power (the component

L3 will appear when we will show the magneto-optical measurements done on this
nanowire, see Chapter 3)

identification of the nature of these two components will be done at the end of this
Chapter, when we will present the polarized resolved Fourier imaging.

When the laser power is increased, the fine structure of NW3 becomes more com-
plex compared to the one of NW1 and NW2 but it is still possible to identify an ex-
cited state Ls, similar to the one of the other nanowires, that can be attributed to X3
(Triexciton). There is also a presence of another excited state called L4 whose nature
is not clear.

The more complicated identification of the photoluminescence lines could be at-
tributed to the fact that NW3 has been directly measured on the as-grown sample:
some of the extra components in the spectrum, like the low energy tale that affects
the L, transition, could be associated to another nanowire. In this manuscript we are
interested to the excitonic state (L;) and we will not push further the analysis on the

other photoluminescence transitions.

2.3.3.2 QD Spatial localization using CL experiment

2.3.3.2.1 Nwl

We performed cathodoluminescence measurements (see Figure 2.29), to spatially

identify the quantum dot emission.

Figure 2.29a shows the HRSEM image of NW1 while Figure 2.29b,c are the monochro-

matic cathodoluminescence images showing, respectively, the (Cd,Mn)Te quantum
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FIGURE 2.29: a) HRSEM of NW1 b) Monochromatic CL image recorded at the
(Cd,Mn)Te emission ¢) Monochromatic CL image recorded at the ZnTe emission d)
CL spectrum showing the ZnTe emission and the (Cd,Mn)Te signal

dot emission and the ZnTe one. Thanks to the use of the spectrometer mounted
in the set-up, we were able to record monochromatic cathodoluminescence images
(see Figure 2.29b,c) at the (Cd,Mn)Te and ZnTe emission energy. The emission spec-
trum is shown in Figure 2.29d.

From Figure 2.29 we can see that the quantum dot emission is spatially localized and
is coming from the a region close to the tip of the nanowire. In contrast the ZnTe

emission is coming homogeneously from all the nanowire.

2.3.3.2.2 Fitting the CL profile

Having the characteristic emission map of the quantum dot (see Figure 2.29b) we can
determine the typical diffusion length of this structure Lp. We used equation 2.36 to
fit, as for RH1, the integrated CL emission profile and the results is shown in Figure

2.30b.



Chapter 2. Nanowires and quantum dots properties at zero magnetic field 108

NW1 CL emission profile

80
.. b)

— — QD CL emission
> 1 — Model Fit
s 60
P
2 404
9
£
S 20-
o —l

O — ~

|_I_I_I_I_|_I_I_I_I_|_I_I_I_I_|_I_I_I_I_|

1000 500 0 -500 -1000
e-beam position (nm)

FIGURE 2.30: a) Superimposition of the monochromatic CL image recorded at the
(Cd,Mn)Te emission and the HRSEM image of the nanowire b) CL profile of the
(Cd,Mn)Te emission with the fit discussed above

The parameters that we have used for the fit are written in the following table:

TABLE 2.11: (Cd,Mn)Te quantum dot diffusion lengths

Liop = Lpgse = 120nm \ e—beam=100nm | 2x; = 120nm ‘

We can notice that in this case the CL emission profile is almost symmetrical leading
to the same diffusion length for the top and the base of the nanowire (L;op = Lpase =
120nm). The diffusion length is larger compared to RH1 (Lj 45, = 90nm): this could
be attributed to the larger diameter of NW1 (around 100nm for NW1 and 68nm for
RH1) that enhances the diffusion process.

Also the trapping region x; is much higher compared to RH1. The reason is unclear:
it could reveal bigger quantum dot dimensions or trapping section for NW1 but un-
fortunately it was impossible to perform EDX measurements on RH1 because it has

been deposited on a patterned silicon substrate.

2.3.3.2.3 NWwW2

We used the micro-PL set-up to spatially localized the quantum dot emission for

NW2.

Figure 2.31a,b shows the superimposition of the HRSEM image of NW2 and the monochro-
matic photoluminescence image recorded at the quantum dot emission (see Figure

2.31a) and at the ZnTe one (see Figure 2.31b) using two different energy filters (Filter
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NW2 energy resolved micro-PL experiments
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FIGURE 2.31: Superimposition of the HRSEM image of NW2 and its monochromatic

photoluminescence image, recorded at a) the quantum dot emission energy using

Filter 1 b) the ZnTe emission energy using Filter 2 ¢) PL emission spectrum of NW2
recorded at 5K

1 and Filter 2 in the Figure).

Thanks to the use of a white light lamp and a high sensitivity camera, it was possible
to easily identify the NW2 position on the patterned silicon substrate and then col-
lect high quality images of the photoemitted light.

We can see from Figure 2.31a that the quantum dot emission is spatially localized
and coming from the tip of the nanowire (like for NW1). The ZnTe emission is in-
stead coming from all the nanowire as expected (see Figure 2.31b).

Clearly by using photons (photoluminescence) instead of electrons (cathodolumi-
nescence) we are limited in the resolution, but nevertheless, as we have shown, with
a good micro-PL set-up it is possible to discriminate between a spatially and not spa-

tially localized emission.
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2.3.3.2.4 NW3

NW3 was directly measured on the as-grown sample (without the presence of a pat-
terned surface) it was possible to identify its position thanks to the presence of a big
defect nearby. Due to the fact that it is a vertical nanowire, it is not possible to use the
micro-PL set-up, like for NW2, to spatially identify the emission for different energies.
We performed then tilted cathodoluminescence measurements. Thanks to the prox-
imity of NW3 to the edge of the sample, it was possible to acquire monochromatic
cathodoluminescence images (see Figure 2.32) without being too much influenced

by the presence of the nanowires nearby.

NW3 cathodoluminescence results, 5K
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FIGURE 2.32: a) HRSEM image of NW3 b) Monochromatic CL image recorded at the
quantum dot emission ¢) Monochromatic CL image recorded at the ZnTe emission
d) NW3 cathodoluminescence spectrum recorded at 5K

We recorded different images at the quantum dot emission energy (see Figure 2.32b)
and at the ZnTe one (see Figure 2.32b). Like for NW1 and NW2 we see that the quan-
tum dot emission is spatially localized while the ZnTe one is coming from all the

nanowire.

2.3.3.2.5 Fitting the CL profile

We used equation 2.36 to fit, as for RH1 and NW1, the integrated CL emission profile

and the result is shown in Figure 2.33b.



Chapter 2. Nanowires and quantum dots properties at zero magnetic field 111

NW3 CL emission profile

b)

w

—— QD CL emission
—— Model Fit

) S
x
a
o
1

N
()]
1

10+

CL Intensity (a.u

-1000 -500 0 500 1000
Energy (meV)

200 nm

FIGURE 2.33: a) Superimposition of the HRSEM image of NW3 and the monochro-
matic CL image recorded at the quantum dot emission b) CL profile of the
(Cd,Mn)Te emission with the model fit discussed above

The parameters that we have used for the fit are written in the following table:

TABLE 2.12: (Cd,Mn)Te quantum dot diffusion lengths

’ Ltop =160nm \ Lpase =90nm \ e—beam = 100nm \ 2x; = 100nm ‘

In this case the CL emission profile is asymmetrical with, in contrast to RH1, a bigger
diffusion length for the top of the nanowire (L, = 160nm). We can notice that the
diffusion length is comparable to NW1 (L;op = Lpase = 120nm): NW1 and NW3 have
similar diameters, they are coming in fact from the same sample (Sample 1).

Also the trapping region 2x; = 100nm is similar compared to NW1 (2x; = 120nm):

this could reveal similar quantum dot dimensions.

2.3.4 Timeresolved photoluminescence experiments: Type Il quan-

tum dot

In this Section we present the time resolved photoluminescence measurements. We

used the set-up shown in Figure 2.34.

A Tsunami Ti:Sa pulsed laser, at 890nm doubled by a non-linear BBO crystal, is fo-
cused by a microscope and sent onto the samples that are mounted on a cold finger
cryostat allowing to measure and cool down to 5K. The repetition frequency of pulses

is 76MHz. The micro-PL signal is then collected by the microscope and analyzed by
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FIGURE 2.34: Micro-PL set-up used for the microphotoluminescence time resolved
measurements

a spectrometer. The spectrometer is equipped with a CCD camera and two APD to
be able to perform time resolved measurements. The statistics of the detection time
is realized by using a counting card: a photo-diode detects the laser pulses and gives
a start of counting while the stop is when the APD measures the arrival of a photon.
To detect the transient of the photoluminescence emission we used a fast APD with
a temporal resolution of about 50ps, smaller than the expected exciton lifetime.

With the set-up described in Figure 2.34 it is possible also to perform autocorrelation
measurements. The working principle is the one of a Handbury-Brown Twiss set-up
[73]: one APD triggers the chronometer to start the time counting, which is stopped
by the detection of a photon by the second APD providing a coincidence. The time ©
between two emitted photons is measured by an acquisition card. The number of co-
incidences plotted as a function of the delay time characterizes the autocorrelation

curve.

2.3.4.1 Exciton lifetime and hole confinement

The photoluminescence intensity decay of RH1 is shown in Figure 2.36.

The photoluminescence intensity of the excitonic line is proportional to the popu-
lation of the exciton nx (7). We can then fit the transient of the photoluminescence

intensity (see Figure 2.36b) by a mono-exponential law with the form of: aexpf;;.
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RH1 Decay Time measurements, Ti:Sa Pulsed Laser 2 uW, 5K
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FIGURE 2.35: a) RH1 photoluminescence spectrum recorded at 5K b) Decay time
measurements

The characteristic exciton lifetime in II-VI self assembled semiconductor quantum
dot is between 200ps to 300ps both for CdSe/ZnSe [74, 75] and CdTe/ZnTe [76]. For
RH1 the exciton lifetime is around 250ps: this value is in agreement with what has
been observed and reveals a Type I quantum dot character.

Figure 2.36 shows the time resolved measurements done on NW2.

NW2 Decay Time measurements, Ti:Sa Pulsed Laser 2 uW, 5K
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FIGURE 2.36: a) NW2 photoluminescence spectrum recorded at 5K b) Decay time
measurements done on L; and L,

We fit the two components with two mono-exponential laws with different decay
times: for L; we found 7;, = 810ps while for L, we found 77, = 900ps. This suggests
that the quantum dot has a more Type II character with a partial delocalization of the
hole wavefunction in the barrier due to a weaker quantum confinement. Moreover
the two components L; and L, have different decay times: we observe a longer decay

time for L,. This state may not correspond to a quantum dot excited state: in fact we
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saw from the power dependence studies that L; and L, have a linear dependence
on the excitation power. We can then suppose that the L, state describes another
exciton state that is more delocalized (compare to L;) around the quantum dot.

We performed decay time measurements also directly on the as-grown sample for
NW3 (see Figure 2.37).

NW3 Decay Time measurements, Ti:Sa Pulsed Laser 2 uW, 5K
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FIGURE 2.37: a) NW3 photoluminescence spectrum recorded at 5K b) Decay time
measurements done on L;

In this case we are maybe in the presence of a even more pronounced Type II quan-
tum dot: the typical measured decay time is in fact around 7x = 1.7ns showing a
weaker quantum confinement compared to NW2.

The decay time measurements give important informations on the hole confinement
but it does not allow us to determine the light hole or heavy hole character of the hole
involved in the recombination process. This kind of analysis will be done in the next
Chapter when we will present and discuss the micro-PL experiments done under an

applied magnetic field.

2.3.4.2 Single photon emission

To determine the 0D confinement of a quantum dot, time resolved correlation mea-
surements have recently attracted a significant attention. In the case of II-VI semi-
conductor quantum dot inserted in nanowires, it is particularly interesting to con-

sider the second order of the normalized intensity of the correlation function [17, 18]:

@watc+nawma‘e+1)

2 =
g7 (t,1) atmamy@art+nat+1)

(2.38)
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Where a' and a are the photon creation and annihilation operators for the mode
evaluated at time ¢ and £ + 7, respectively. The correlation function g(z) (¢, 7) quanti-
fies how the detection of one photon from a light source influences the probability
to detect another one. It is interesting to evaluate the correlation function at 7 = 0.
In the case of g?(,0) > 1 we have a thermal light emission while for g (,0) = 1 we
have a coherent and for g (¢,0) < 1 a quantum one. Only the second order correla-
tion function can reveal the photon anti-bunching and prove the presence of a single
photon source and hence a 0D quantum confinement [18].

To measure the g (¢,7) correlation function we used the set-up [73] shown in Fig-
ure 2.34. The principle behind this technique is the following: the time counter starts
when the detector APD1 detects a photon and it stops when the AP D2 reveals a pho-
ton. In this way, it is possible to measure the time 7 between two emitted photons by
the quantum dot. By tracing the histogram of such events as a function of the time
7, it is possible to obtain the curve of the number of coincidences as a function of
7. This curve represents the probability to detect a photon at time 7 knowing that a
photon has been detected at time 0. We can introduce the conditional probability
P(t+7|t) to detect a photon at time ¢ + 7 after the detection of a photon at the time ¢.

The second order correlation function is given by:

_ P(t+TI)P(f) Pt +71|1)

P02 =P (2.39)

g(Z) (1)

Equation 2.39 tells us that by measuring a photon at the time 7, after having detected

one at time 0, we measure directly the autocorrelation function of the second order.

2.3.4.2.1 RH1

In Figure 2.38b we trace the experimental second order autocorrelation function of
RHI.

This curve reveals the characteristic anti-bunching effect expected for a quantum
dot: this is in fact the feature that characterized a single photon source and hence

0D quantum confinement. The experimental value of the second order correlation

function is ggc)p (0) = 0.5. This has to be corrected by taking into account the temporal

resolution of the APDs detectors and so the real value for the second order correlation

2)

function is giea ] (0) = 0.3. It is not the aim of this thesis to enter too much into details
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RH1 Autocorrelation measurements, Laser 488nm, 5K
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FIGURE 2.38: a) RH1 PL spectrum recorded at 5K b) Exciton autocorrelation curve

concerning the study of the quantum confinement: a complete characterization on

CdTe quantum dots inserted in ZnTe nanowires can be found in [17].

2.3.4.2.2 NW2

In this Section we show the time resolved measurements performed on NW2. Using

the set-up shown in Figure 2.34 we observed the second-order correlation function

£ (0) under pulsed excitation and we plot it in Figure 2.39b.

NW2 Autocorrelation measurements, Ti:Sa Pulsed Laser, 5K
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FIGURE 2.39: a) NW2 PL spectrum recorded at 5K b) Exciton antibunching curve
acquired at L; emission energy

Figure 2.39b shows an experimental corrected correlation function g(z) (0) = 0.57,

done on the excitonic peak L;.

Unfortunately, due to presence of Mn atoms that

enlarge the linewidths, it is difficult to perform time resolved measurements just on
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awell isolated emitting state. Moreover we see, from Figure 2.39a, that the fine struc-
ture of NW2 is quite complicated. The spectrum in fact is composed by other com-
ponents beyond the L; and L, states that could merge into the time resolved mea-
surements, decreasing then the value of second order correlation function g (0). To
assert then without any doubts, that we are in the presence of a single photon emit-

ting quantum dot, it will be necessary to perform further time resolved experiments.

2.3.5 Light Hole exciton identification using polarized emission di-

agrams

In the case of nanostructures, the directionality of the emitting light plays a key role
in the realization of efficient sources. The control of this property will improve the
performance of such light emitting objects such as light-emitting diodes, nanolasers
or single photon emitters [77]. Moreover from the analysis of the directionality of
the emitting photons, it is possible to properly understand the emitting exciton fine
structure.

In this Section we present the emission resolved analysis done on NW3. These mea-
surements were performed by Mathieu Jeannin, myself, Gilles Nogues and David Fer-
rand.

The technique that we have used is the Fourier microscopy: this is based on the
Fourier transform properties of lenses to obtain the emission pattern of an object

in the reciprocal space (see Figure 2.40).

In a conventional micro-PL set-up (see Figure 2.40), the sample is imaged by an op-
tical microscope (focal distance f): the signal (parallel beam) is then sent, by means
of optics, on an optical lens that focused it (focal distance f’) on the CCD camera. In
this configuration, it is the real image of the sample that is collected.

In Fourier microscopy, an extra lens (focal distance f”) is added to the conventional
micro-PL set-up. The Fourier lens images the back focal plane of the microscope and
sends it to the focusing lens (focal distance f’) that sends the signal on the CCD cam-
era. Each point acquired by the CCD camera correspond to all the photons emitted
with a precise wave vector k. In fact, a wave collected by an objective lens can be
decomposed into individual plane waves, each focusing at a unique position on the
back focal plane of the objective. This plane is imaged by this extra lens (Fourier
lens) onto the CCD detector [77, 78]. In such a way it is possible to determine the

directionality of the emitted light.
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FIGURE 2.40: Fourier imaging scheme

2.3.5.0.3 Experimental determination of the hole character

The Fourier images of NW3 recorded with the ZnTe emission are shown in Figure 2.41

while the ones recorded with the (Cd,Mn)Te quantum dot emission are presented

in Figure 2.42. The images are traced in polar coordinates. We have acquired also

linearly polarized images in two arbitrary pairs of orthogonal directions Iy, Igp and

145, I35 rotated by 45 degrees. Thanks to the different linearly polarized images we

were able to calculate maps of the two Stokes parameters S; and S, [79] that are given

by:

In—1I
Sl — 0 90
I() + 190
Iys— 1T
Sg _ 145 135

Iys + I35

(2.40)
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and are shown on the right side of Figures 2.41 and 2.42.

sinf

FIGURE 2.41: a) Normalized experimental Fourier plane image of the ZnTe emission
line b) Orthogonal cross-sections in the Fourier plane c) Linearly polarized Fourier
plane normalized intensity map of the ZnTe emission line along two sets of orthog-
onal axis 0°; 90° and 45°; 135° indicated by the arrow direction, and the correspond-
ing Stokes parameters d) Normalized simulated Fourier plane image of the ZnTe
emission line e) Orthogonal cross-sections in the Fourier plane f) Linearly polarized
Fourier plane normalized intensity map of the ZnTe emission line along two sets of
orthogonal axis 0°; 90° and 45°; 135° indicated by the arrow direction, and corre-
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sponding Stokes parameters, images realized by PhD M. Jeannin

We first consider Figure 2.41 with the Fourier analysis of the ZnTe emission. The

polarization resolved Fourier images show no dependence respect to the linear de-

tection axis, indicating that there is no preferential polarization axis orthogonal to

the nanowire axis.

If we look now at the results concerning the (Cd,Mn)Te quantum dot emission (see

Figure 2.42) we see that the radiation pattern shows an azimuthal modulation corre-

lated with the analyzer orientation.

To fully understand the radiation properties of NW3, it is better to recall all the pos-

sible transitions for a (Cd,Mn)Te quantum dot as shown in Figure 2.43.
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FIGURE 2.42: a) Normalized experimental Fourier plane image of the (Cd,Mn)Te
emission line b) Orthogonal cross-sections in the Fourier plane c) Linearly polarized
Fourier plane normalized intensity map of the (Cd,Mn)Te emission line along two
sets of orthogonal axis 0°; 90° and 45°; 135° indicated by the arrow direction, and
the corresponding Stokes parameters d) Normalized simulated Fourier plane image
of the (Cd,Mn)Te emission line e) Orthogonal cross-sections in the Fourier plane f)
Linearly polarized Fourier plane normalized intensity map of the (Cd,Mn)Te emis-
sion line along two sets of orthogonal axis 0°; 90° and 45°; 135° indicated by the
arrow direction, and corresponding Stokes parameters, images realized by PhD M.
Jeannin

I will explain in the following how it is possible to determine the type of the emitting
state by just looking at the polarized resolved Fourier images.

The polar color maps of I(6) shows the emitted field that has been transformed,
by the optical objective, into a polarized "projected” state in the (x, y) plane (green
curves in Figure 2.43c,d) that follows the electric field vector E(6).

For a pure o polarized emission (see Figure 2.43c), the projected state, from the top
view (z axis), has a spherical precession: the o polarized light will be then not depen-
dent on the rotation of a polarizer. If we look at what we found for the ZnTe emission
(see Figure 2.41) we understand then that we are in the presence of a o polarized
emission.

For a pure 7 polarized emission (Figure 2.43d), the projected state, from the top view
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FIGURE 2.43: a) Fine structure scheme showing the optically allowed transitions b)

Emission scheme of the allowed optical transitions c) Top view of the Fourier emis-

sion showing the intensity color map (/(9)) for a o polarized emission (Courtesy of

Mathieu Jeannin, Gilles Nogues) d) Top view of the Fourier emission showing the

intensity color map (I(0)) for a 7 polarized emission (Courtesy of Mathieu Jeannin,
Gilles Nogues)

(z axis), has a linear polarization: the 7 polarized light will be then sensitive to the
rotation of a polarizer. Figure 2.42 shows then an emission that is 7 polarized: the
Fourier emission follows in fact the rotation of the polarizer.

To model the emission diagram of NW3 we assumed a distribution of dipoles along
the nanowire axis and weighted by the intensity of the corresponding cathodolu-
minescence intensity presented in Section 2.3.3.2.4. The full complex electric field
propagated to the farfield is extracted and recreated by post-processing dipolar emis-
sion with all possible linear and circular polarizations within the experimental nu-
merical aperture of the microscope.

The simulations results for the ZnTe emission (see Figure 2.41) confirm a pure heavy
hole exciton ground state, induced by the strain that splits the valence band, as ex-
pected by the consideration on the strain in a core-shell structure (see Section 2.2.1.1.2
and 2.3.1.3).

By using the same numerical simulation procedure, it is possible to analyze the (Cd,Mn)Te
radiation diagram. The quantum dot is modelled as an electric dipole and placed at
the position of maximum cathodoluminescence intensity along the NW axis. All po-
larization states are computed, and the Fourier plane intensity and Stokes parame-
ters maps are retrieved. Following the previous theoretical derivations, band mixing
is detected through superposition of circularly polarized emission (6 photons, Fig-

ure 2.43) and linearly polarized emission along the z axis (7, photons, Figure 2.43).
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Considering such a superposition of dipoles, the simulation allows to reproduce the
optical measurements (Figures 2.41 and 2.42) leading to a light hole exciton ground
state mixed with a heavy hole one (20% mixing).

This result is in agreement with the consideration concerning how the strain of a
such core-shell structure affects the emission properties of an ellipsoidal quantum
dot (see Section 2.2.1.2.2). In fact, the expected fundamental state is a light hole ex-
citon, as found experimentally but the measured hole anisotropy AE;;; =18meV is

smaller compared to the calculated one AE; ;7 =140meV.
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2.4 Conclusions

This Chapter describes the knowledge acquired on different configurations, which
are independent of the magnetic properties. To make it simple, three configurations
have been considered: ZnTe/(Zn,Mg)Te, CdTe/ZnTe, (Cd,Mn)Te/(Zn,Mg)Te. All are
either core-shell nanowires or elongated quantum dots with an aspect ratio (%) of
the order of 2. Simple analyzes of the strain configuration due to the lattice mismatch
concludes to a heavy hole character of the confined holes in ZnTe/(Zn,Mg)Te. In the
three other cases the strain configuration tends to favor a light-hole character but the
valence band offset is small and poorly known, so that the confinement in the dot is

not guaranteed, particularly in the case of (Cd,Mn)Te/ZnTe

Complementary characterization (including multiple characterizations performed
on the same nanowire) confirms some characteristic parameters and common fea-

tures:

* elongated morphology of the quantum dot, diameter of the order of 8nm, pres-

ence of 10% Mn, negligible Zn concentration;

* confirmation of the origin of the luminescence ascribed by the quantum dot

by two different methods:

1. correlation data confirming the single-photon emission in the CdTe/ZnTe

(less pronounced in a (Cd,Mn)Te quantum dot);

2. transfer of the excitation to the quantum dot, with characteristic diffusion

length values around 100nm
Several configurations provide clear-cut results!

e The ZnTe/(Zn,Mg)Te core-shell configuration gives rise to a heavy hole exciton,
with a noticeable effect of the shell on the PL yield (x10%) and a quantitative
interpretation of the energy shift and hence light hole/heavy hole splitting;

e The (Cd,Mn)Te/ZnTe configuration in one of the nanowire (NW3) gives rise to
a light hole exciton, as expected; however there is a significant light hole/heavy
hole mixing, and the lifetime is long, which suggests at least a partial delocal-
ization into the shell. This will be further studied by magneto-optical spec-

troscopy
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Our results on the (Cd,Mn)Te/ZnTe configuration (the other two nanowires NW1 and
NW?2) are less conclusive at this point: here also the magneto-optical spectroscopy
will bring complementary results, suggesting a mainly heavy hole character. This is

the subject of the following Chapter.



Chapter 3

Hole spin anisotropy studied by

magneto-optical measurements

3.1 Introduction

In this Chapter we discuss the hole spin anisotropy (heavy hole-light hole splitting
noted AE) of (Cd,Mn)Te quantum dots inserted in ZnTe nanowires (see Figure 3.1).
The growth of such a system is described in Chapter 1. A (Zn,Mg)Te shell has been
added to have a good surface passivation and enhance the photoluminescence signal

(see Chapter 1 and Chapter 2, [13]).

B (Zn,Mg)Te
ZnTe
B (Cd,Mn)Te

FIGURE 3.1: Scheme of the sample studied in this chapter

125
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The magneto optical studies performed on three different nanowires (NW1, NW2 and
NW3) are shown. NW1 is deposited on a SisN, membrane, NW2 is dispersed on a
patterned silicon substrate and NW3 is studied directly on the as-grown sample, the
three nanowires were presented in Chapter 2.

NW1 and NW2 were studied in a configuration where the magnetic field is applied
perpendicular to the nanowire growth axis while for NW3 the magnetic field was ap-
plied parallel to the nanowire growth axis. All the measurements, presented in this
Chapter, were done using a micro-PL set-up equipped with an helium-flow cryostat
(Oxford Spectromag) described in Chapter 1.

For the three nanowires presented in this Chapter, a power dependence study has
permitted to assign the nature of the emitting lines and this has been presented
in Chapter 2. Moreover this power dependence study is also important to identify
the heating of the Mn atoms induced by the laser: for the magneto-optical studies,
in fact, the smallest excitation power was chosen to avoid this heating effect [80].
The motivations to do such detailed magneto-optical characterizations, with differ-
ent applied magnetic field orientations, are to quantify the sp-d exchange coupling
between carriers and Mn spins (see Chapter 1) and to study the hole anisotropy
AE (see Chapter 2). It will be shown in fact that from the fit of the photolumines-
cence positions versus magnetic field it is possible to extract the magnitude of the
light hole-heavy hole splitting AE and its sign: if the sign of AE is positive (negative)
the ground state has a light hole (heavy hole) nature. Moreover, thanks to the EDX
measurements done on the nanowire deposited on the membrane (NW1), shown in
Chapter 2, we can calculate the expected value for AE in this sample. In the case
of the (Cd,Mn)Te quantum dot, considering the geometry and the composition of
the quantum dot, given in Chapter 2 by the EDX map, a light hole ground state is
expected with a quite large value of AE around 140meV. In the last part of the Chap-
ter we will compare the experimental AE value, deduced from the magneto-optical
studies, with the theoretical one.

From the EDX images we have also another important information: we can evaluate
the concentration of the Mn atoms inside the (Cd,Mn)Te quantum dot. Having the
Mn concentration, it is possible to calculate the Mn effective concentration x, ¢ and
so the real number of Mn atoms that are coupled to the exciton (see Chapter 1). x,r¢
is a very important quantity: it constraints the amplitude of the Zeeman shift at satu-
ration (defined by E,, and Ejj,, see Chapter 1) and we will consider it when discussing

the magneto-optical studies in the Experimental Section 3.3.2 of this Chapter.

In Section 3.2 all the magneto-optical experimental results on NW1,NW2 and NW3
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are presented: for the three nanowires, the excitonic Giant Zeeman effect is shown

for different temperatures.

In Section 3.3 a theoretical model that takes into account the hole anisotropy AE is
explained and used to fit the experimental data. The importance of such detailed
magneto-optical studies will be clear: it is possible to determine the value of the
magnetic anisotropy AE of the (Cd,Mn)Te quantum dot and reveal the nature of the

emission (if it has a light hole or heavy hole character depending on the sign of AE).
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3.2 Experimental results

In this Section we present all the magneto-optical studies done on NW1, NW2 and
NW3. From the power dependent photoluminescence studies, we ascribe the emis-
sion line L; (the more intense emission at low excitation power) to the exciton state X
and in all the analysis we focus our attention just on this state. For the excited states,
we call them from L, up to Ls: without complementary studies we can't determine
the nature of these emissions so for example, two components L, present in two dif-

ferent nanowires can be related to different exciton excited state.

3.2.1 Magnetic field applied perpendicular to the nanowire growth

axis

In this Section we show the results obtained on NW1 and NW2.

As mentioned in Chapter 1, the exchange interaction between Mn spins and the
kinetic moments of the electron-hole pair reveals itself in the photoluminescence
spectra through the Excitonic Giant Zeeman effect which is a unique feature of di-
luted magnetic semiconductors (DMS). The objective of this Section is to character-
ize the exchange interaction between the exciton and the Mn spins by performing
micro photoluminescence experiments under magnetic field and at different tem-
peratures.

NW1 and NW2 were presented in Chapter 2: NW1 is the nanowire that has been
deposited on Si3 Ny membrane while NW2 has been deposited on patterned silicon
substrate. The spectra have been recorded in a Faraday configuration: the excitation
and the detection are parallel to the magnetic field, which is applied perpendicular
to the NW'’s growth axis.

The emission spectra of the two nanowires present different emission lines: the iden-
tification of these emission lines was done in Chapter 2 but it will be shortly re-
minded in the different Sections when the different magneto optical studies are dis-

cussed.

3.2.1.1 Nwl

NWI (see Figure 3.2) is a nanowire deposited onto a Si3 Ny membrane that allowed us

to perform different characterization techniques such as: EDX chemical analysis (see
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Chapter 2), cathodoluminescence experiment (see Chapter 2) and magneto-optical
measurements (this Chapter). Figure 3.3 shows the photoluminescence spectra evo-
lution with an applied magnetic field from 0T up to 11T with a step of 0.5T. The spec-

tra are dominated by a doublet composed by two lines called L; and L.

NW1: quantum dot spatial and chemical analysis

()
~
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c-)30 20 10 0 10 20 30
Position of the e-beam (nm)

FIGURE 3.2: a) Superimposition of the (Cd,Mn)Te signal and the HRSEM image of
NW1 b) EDX map of the (Cd,Mn)Te region c) EDX composition profiles for the Cd
and Mn elements

The two components L; and L, were identified in Chapter 2 by a detailed power de-
pendence study. We attribute L; to the excitonic state (its intensity is linearly de-
pendent on the laser power), with just an electron-hole pair inside the quantum dot,
while L, could be related to a charged excitonic state, with an electron-hole pair in-
side the quantum dot and a charge particle (its dependence on the laser power is
slightly superlinear o< P!-3%).

From Figure 3.3a, it is clear that the emission energy of the exciton L; and charged
exciton L, are decreasing with the increase of the magnetic field. This red shift un-
der magnetic field is the fingerprint of the so called Giant Zeeman Effect. Both lines
Ly and L, are reaching a saturation value of about 24meV at 11T. For the complete
overview of the Mn coupling with the excitonic state, more studies were done under
magnetic field and at different temperature: 6K, 13K, 24K, 34K (see Figure 3.3). When
the temperature is increased (see Figure 3.3b,c,d) the Giant Zeeman shift decreases
for both states L; and L,: the amplitude of the Zeeman shift goes from 24meV at 6K
to almost 10meV at 34K. With the increase of the temperature, the magnetic moment
of the Mn atoms, under magnetic field, is reduced leading to a smaller amplitude of

the Zeeman shift.
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NW1, Excitation 488nm, Power 2 uW
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FIGURE 3.3: (Cd,Mn)Te QD emission studied under magnetic field, with a minimum
step of 0.5T, at a) 6K b) 13K c) 24K d) 34K

These results are more clearly shown in Figure 3.4b,c: to trace the emission energies
and the Full Width at Half Maximum (FWHM), we used a fit (see Figure 3.4a) with
two Gaussians functions related to L; and L, respectively. At higher temperature:
24K and 34K (see Figure 3.4a) a third line, identified by another Gaussian function,
appears: this line is attributed to an excited state called Ls. The nature of this transi-
tion will be clarified in Section 3.3.

The Zeeman shift extracted from the micro-PL studies for L; and L, versus magnetic
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field at different temperatures, were also plotted versus 5T “ 55 Wthh proves to be the

relevant parameter as shown in Figure 3.4d,e. The Mn temperature, used to plot the
data, is shown in brackets, and this temperature is different from the cryostat one
because it takes into account also the phenomenological temperature T4r, a tem-
perature gradient in the sample chamber and possible heating of Mn spins by the
laser excitation (see Chapter 1).

It is clear from the dependence of the data on ", that all shifts are superimposed,
and this can be attributed to a magnetic effect related to the presence of Mn atoms
inside the (Cd,Mn)Te quantum dot and its coupling with photocreated carriers.
Data in Figure 3.4d,e have been fitted with a Brillouin function (see Chapter 1) with a
saturation value of 32meV. The agreement is pretty good at high magnetic field while
at low magnetic field there is a clear discrepancy: in this region the red shift is much

smaller than expected. This behavior will be carefully analyzed in Section 3.3.
HB

Finally in Figure 3.4f the L, and Lg shifts as a function of £=— are traced. The ex-
cited state L3 shows a good superimposition for the analyzed two temperatures, and
a Zeeman shift related to =, but unlike L; and Ly, the line reveals a blueshift by

increasing the magnetic ﬁeld.
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NW1, Excitation 488nm, Power 2 uW
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Another powerful tool to check the incorporation of Mn atoms inside the quantum
dot is the linewidth. If we look at the Full Width at Half Maximum (FWHM, see Figure
3.5), we can observe a typical linewidth of 6meV: this value is larger than the value of
non magnetic quantum dot that is around 3meV (see Chapter 2). This extra broad-
ening is due to Mn spin fluctuations [72] and is usually suppressed by applying a
magnetic field.

In the present case, a line broadening for low magnetic field up to 2T is visible, while
at higher field the linewidth decreases with magnetic field [12, 17] following a monotonous
law: magnetic fluctuations are in fact suppressed by the alignment of Mn spins along
the field direction. The non-monotonous trend at low magnetic field, see Figure 3.5b,
is something uncommon in DMS systems: this behavior will be explained in Section
3.3.

As shown in Figure 3.5¢, the data have been also plotted versus oupB

kg Tnn

and again they

are showing a very good superimposition revealing a clear dependence on %.
n
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3.2.1.2 NW2

NW2 was mechanically deposited on a patterned silicon substrate to easily retrieve
the position of the nanowire (see Chapter 2). For this nanowire different measure-
ments, under magnetic field, were taken at 2K (see Figure 3.6a) in order to be able
to saturate the Giant Zeeman effect. Usually the lowest temperature used for the
magneto-optical studies is 6K but for some nanowires (NW2 and NW3) we succeed
to perform measurements at 2K. Helium is directly inserted in the cryostat, in order
to put the sample in contact with the liquid helium, and then pumped to reach the
superfluid state, as required for the optical spectroscopy (no bubbles). This tech-
nique is really powerful: it allows to be sure about the sample’s temperature (about
2K) thanks to the full immersion of the sample in superfluid helium.

From Figure 3.643, it is clear that the spectra are dominated by a doublet (at 0T mag-
netic field): it is possible to identify a main emission component L; and an excited
one called L, at higher energy. The complete identification of the emission lines,
done by power dependence studies, was presented in Chapter 2: the main emission
component L; is attributed to the excitonic state (it is the more intense line at low
excitation power). The L, state is a state that has not been observed in NW1 and
considering the power dependence studies and the magneto-optical one, it could be
attributed to another excitonic state coupled with the Mn atoms.

Also for this nanowire, the emission energy of L, is decreasing with the increasing
of the magnetic field as a result of the alignment of the Mn spins along the magnetic
field. The value of the Zeeman shift at 11T, taken at 2K, is around 20meV and it has the
same order of magnitude as the one of NW1 (24meV at 6K). When the temperature
is increased (see Figure 3.6b,c,d) the amplitude of the Giant Zeeman Shift decreases
for both states L; and L,. Moreover, at high magnetic field, a line at lower emission
energy L, appears starting from the tail of the main line L,: a state, close to the exci-
tonic one, that becomes more and more populated with the increase of the magnetic
field.

It is clear that the fine structure of NW2 is more complicated compared to NW1, with
the presence of more emitting states, but a common feature is that both nanowires
present a Giant Zeeman effect of the excitonic lines which have similar saturation

values.
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NW2, Excitation 488nm, Power 2 uW
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FIGURE 3.6: (Cd,Mn)Te QD emission studied under magnetic field, with a minimum
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All the results are summarized in Figure 3.7b,c. The energy position of the line L, and
L, were extracted using the fit shown in Figure 3.7a: as for NW1 the emitting compo-
nents of the spectrum have been fitted using Gaussian functions.

To check that the observed red shift is related to the incorporation of Mn atoms inside
B Jike for NW1

kg Tmn
(see Figure 3.7d,e). Data are perfectly superimposed also for this nanowire, with a

the (Cd,Mn)Te quantum dot, data have been traced as function of

clear dependence on % (the actual Mn atoms temperatures are given in brackets).
The fitused in Figure 3.7d,e is a Brillouin function, with a saturation value of 24.3meV,
and the same behavior observed for NW1 is again highlighted with a smaller satura-
tion value (for NW1 it was around 32meV). As for NW1 the fit of the magneto-optical
measurements with a Brillouin function is good for high magnetic field values, while
at low magnetic field there is a deviation: also in this case the Zeeman shift is smaller
than expected. This feature, like for NW1, will be explained in Section 3.3.

Due to the more complicated nature of the emission, composed by more emitting
states compared to NW1, it has been chosen to not consider the analysis of the Full
Width at Half Maximum under magnetic field for this nanowire. The presence of
many lines, nearby the exciton state, introduces big errors in the evaluation of the L,
FWHM.
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NW2, Excitation 488nm, Power 2 pW

FIGURE 3.7: a) Gaussian fit of the spectrum at 2K with no magnetic field b) L; emis-
sion energy positions vs magnetic field for different temperatures c) L, emission en-
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3.2.2 Magnetic field applied parallel to the nanowire growth axis

NW3 was measured in a different configuration: in this case the magnetic field is ap-
plied along the nanowire growth axis, this nanowire was directly measured on the
as-grown sample after an identification done by a HRSEM microscope (NW3 is de-
scribed and shown in Chapter 2).

From Figure 3.8 it is clear that the spectra are dominated by a main line L, and an
excited state L,. In Chapter 2 the main line L; was attributed to the excitonic state,
while the excited state L, will be discussed later on.

The magneto-optical studies at 2K are presented in Figure 3.8 where we observe
clearly an excitonic Giant Zeeman effect. The emission energy L, is red shifting with
the increase of the magnetic field at a given temperature and the amplitude of the
Zeeman shift becomes smaller with the increase of the temperature. The maximum
Zeeman shift is recorded at 2K and is equal to 25meV: again this value is comparable
to what has been found for NW1 and NW2. With the increase of the temperature,
the Zeeman shift becomes smaller with a minimum value at 26K equal to 14meV. At
high magnetic field, like for NW2, a low energy state, that becomes more and more
populated, is present and called Ls.

Unlike NW1 and NW2, the excited state L, (see Figure 3.9a) is gaining intensity with
the increase of the magnetic field. It dominates completely the spectrum at 11T for
all temperatures. This is an unusual behaviour for an excited state while the funda-
mental state L; doesn’t change so much under magnetic field.

The assignment of this component at low magnetic field values is difficult: it is not
clear if it is the state identified by the shoulder observed at higher energy or if it is
a component hidden in the main peak L; that is characterized by a different evolu-
tion under magnetic field. It has been chosen then to characterize more carefully the
nature of these emission lines by performing a set of detailed polarization resolved

measurements, that will be shown in the next Section.



Chapter 3. Micro-PL under magnetic field 139

NW3, Excitation 488nm, Power 2 uW
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FIGURE 3.8: a) (Cd,Mn)Te QD emission studied under magnetic field, with a mini-
mum step of 1T, at 2K b) (Cd,Mn)Te QD emission studied under magnetic field, with
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The positions of the lines as function of the magnetic field for the different tempera-
tures are summarized in Figure 3.9b,c. Also for NW3, a Gaussian fit has been chosen
to extract the energy positions of the lines: it is shown in Figure 3.9a. As done for NW1

,fB” 7’3’15” (see Figure 3.9d,e) with the Mn

spins temperatures shown in brackets: it is clear that the good superimposition of the

B
Tymn

for NW3, the data versus ,fB” fﬂfn could be fitted reasonably by a Brillouin function not

and NW2, data have been traced as function of

datareveals a dependency on as expected for the Giant Zeeman effect. Moreover

only at high field (with a saturation value of 27.5meV of the same order as for NW1
and NW2) but also at low field (contrary to NW1 and NW2). The behaviour of L, is
more complex. It will be clear, in Section 3.3, why we have different behaviours for
nanowires belonging to the same sample: it is in fact related to the orientation of the
applied magnetic field which is, in the case of NW3, along the nanowire growth axis
while for the others nanowires it is perpendicular to the nanowire axis.

Before that, we present the complementary studies done on the polarization of the

emission of NW3.
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FIGURE 3.9: a) Gaussian fit of the spectrum at 2K with no magnetic field b) L; emis-
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3.2.2.1 Polarization under Magnetic field

To properly understand the increase of the intensity of the high energy line L, (see
Figure 3.8), magneto-optical studies were done by recording the two different po-
larizations: o* and ¢~ under magnetic field. The spectra at 6K, from 0T to 11T, are
shown in Figure 3.10. At 0T, the emission is not polarized (the residual polarization is
due to experimental errors): by increasing the magnetic field (from 6T), L, line gains
a large polarization rate and dominates the spectrum at 11T. It is possible to trace
the Stokes parameter S3 (the Stokes parameters are a set of values that describe the
polarization state of electromagnetic radiation [79]) and check the polarization rate
for line L; and line L, (see Figure 3.10b). A really unusual behavior comes out from
the evolution in the polarization rate: the main line L, is almost not polarized sug-
gesting it is related to a transition involving a 7 dipole transition, while the excited
state L is strongly o* polarized reaching a polarization rate of 100% at high mag-
netic field. This is a crucial information to understand properly the fine structure of

the quantum dot (see Section 3.3).

NW3, Excitation 488nm, Power 2 uW, Temperature 6K
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FIGURE 3.10: a) (Cd,Mn)Te QD emission, at 6K, in o* (red) and o~ (blue) polariza-
tion b) Polarization rate of line L; and L, (Stokes parameter Ss)

More polarization resolved magneto-optical studies were done to complete the Fourier

characterization presented in Chapter 2 (see Figure 3.11). The linear polarization,
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of the (Cd,Mn)Te quantum dot, was studied for two polarization directions (0°/90°
planes and 45°/135°). It was then possible to calculate the two other Stokes param-
eters S; and S, and to compare them to the values obtained in Chapter 2 from the
Fourier analysis (see Figure 3.11c,d). It is clear that the linear polarization rate for L,
and L, is almost zero: this is expected from a quantum dot owning a circular shape
symmetry in the plane perpendicular to the nanowire axis. These measurements are
complementary studies to what has been shown in Chapter 2 concerning the Fourier
imaging. We found, in fact, the same values, for the Stokes parameter S; and S5, in

zero field, like in the Fourier analysis.
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NW3, Excitation 488nm, Power 2 uW, Temperature 6K
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3.3 Theoretical model

3.3.1 Calculation of the Hamiltonian under magnetic field

3.3.1.1 Confined carrier in a magnetic field

It has been shown that when the magnetic field is applied perpendicular to the nanowire

growth axis, the Brillouin function, introduced in Chapter 2 doesn’t explain properly

the physics of the system (see Figure 3.4d,e and Figure 3.7d,e). Then it is necessary

to reexamine the sp-d exchange interaction when the applied magnetic field is per-

pendicular to the nanowire growth axis by considering the hole anisotropy.

Figure 3.12 shows the band scheme of the quantum dot: we consider a single elec-

tron level in the conduction band and two hole levels in the valence band: a light hole

Ii%) and a heavy hole |i%> state. The splitting between the light hole and the heavy

hole state is called AE (it is the hole anisotropy and it was introduced in Chapter 1

and in Chapter 2) and it will be very important in the explanation of the experimental

QD

data.
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FIGURE 3.12: Scheme of the quantum dot confinement with quantization axis along

Z

We start with the definition of the total Hamiltonian of the (Cd,Mn)Te quantum dot

inserted in the ZnTe nanowire system:

Hior = Hsp—d +Han+ He+ Hp+ He—y

(3.1)
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Here H, describes the electron quantum confinement, Hj, describes the hole quan-
tum confinement, H,_j, describes the electron-hole Coulomb interaction: these terms
are assumed to be constant under magnetic field.

H;p,—q describes the exchange interaction between Mn spins and the carriers inside
the QD and H,, is the anisotropy term that takes into account the light hole-heavy
hole splitting: these two terms will be affected by the magnetic field and will be con-
sidered in the following.

When the QD is illuminated by a laser, there is the creation of an exciton, composed
by a hole and an electron. The exchange interaction Hamiltonian for a carrier, char-
acterized by a wavefunction v (F) (with j = e for the electron and j = h for hole) and
a spin operator &, for the electron and kinetic momentum operator J;, for the hole,

can be written using a Kondo like form (see Chapter 1):

Hsp-a = He—pn+ Hp-pn = —ay_ Si - Felpe(R)I* - gzgz Tnlwn(R)I? (3.2)
R; R;

1

Where a and g are the exchange integrals for electron and hole respectively. R; is
the position of the magnetic ions characterized by spin operators S;. [y.(R;)|* and
lwp(R;)|? are the envelop functions for electron and hole [81] and they take into ac-
count the overlap between the carrier wavefunction and Mn spins (for simplicity we
considered the same envelop function for light and heavy hole). If one defines the
Mn atoms volume density p(7) as p(¥) = Y; 6(7; — R;) it is possible to transform Y 3

with [ d®r. The H. sp—a can be rewritten then as:

Hsp—a=— fp(ﬂg'a'd'We(?degr +

—ﬁfp(?)§-fhlwh(?)|2d3r (3.3)
In our case we will consider that:

R Nox inside QD,
piy={ (3.4)
0 outside QD.

Where N is the volume density of cation sites and x. s is the effective Mn concen-

tration. For the complete overview of the behaviour under magnetic field it remains
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to write the anisotropy Hamiltonian H,, (see Equation 3.1) that takes into account
the light hole heavy hole splitting induced by the strain and the quantum confine-
ment. If we consider the z axis as the quantization axis, H,;, can be written with a

uniaxial anisotropy spin Hamiltonian [20] such as:

JU+1)
3

AE
Han === Uy, - ) (3.5)

3.3.1.2 Calculation of the electron and hole levels

Using a mean field approximation approach it is possible to replace the operator J in
equation 3.3, by its averaged value at thermal equilibrium (J) (see Chapter 1). In this
approximation, it is then possible to calculate the averaged values of matrix elements

of Hyj,_4 for the different electron and hole states. It leads to:

(Hyp-a) g = CHgy )y, 4 CHY, g (3.6)

Where the (pr_ 2 s the contribution from the electron states and (H shp_ 218 the
contribution from the hole states. The effect of the applied magnetic field on the

carriers can be written then as:

(Hsp—d + Han>Mn = (Hsp—d>Mn +{(Han) mn =
2 _g (3.7)

o
h; 1)
36

9
= Ese(myz) .0e¢,) + Egp{mz) . (Jp,) + EAE(

Here () is the averaged normalized magnetic moment of a Mn spin, parallel to the

applied magnetic field, in the quantum dot. Its magnitude is given by:

SupB ) ( SupB )
=Bs/2

_—— (3.8)
k(T + Tar) ks T

(mz) = ——=Bs)2 (

E,. and Ejj, are the energies at saturation for the electron and hole respectively (de-

fined in Chapter 1) and they are given by:
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2Ese = No@xef flPel S (3.9)
— 2
2Esp = NolBlxerrlynl™S (3.10)

Equation 3.7 is composed by three terms where (Hsep_ d)M
and (H shp_ d>Mn is given by a 4x4 matrix. The matrix element for the o7 and ];’ spin

operators are given by:

is defined by a 2x2 matrix
n

o 1L 0 -1 L

ofC:(l 2) Uf,:(l. 2) 02:(2 1) (3.11)
1o i 0o -1

0 %2 0 o 0 -8 o o

V3 V3 :

70 L T e e
“lo 1 0o X Y |lo i o -8
0 0 ¥ o 0o o & 9
30 0 o0
1
A R
]Z_ 1
00 -1 o0

3
o0 o -3

The values of Nya and Nyf were given in Chapter 1 and for (Cd,Mn)Te are equal to
220meV and 880meV respectively [28, 33]. x.fr was introduced in Chapter 1, ¥, and
v, are the envelope functions for electron and hole. The integrals of the envelope
functions v, and vy, limited to the quantum dot volume, are called @;I2 and IEZI2

and are defined by:

0<yel’ =f WP Pd’r <1 (3.12)
QD
2 _ =12 33
0< |yl —f lwp(F)|“d’r <1 (3.13)
QD
Since all the magnetic field dependent terms have been defined, it is possible to

calculate the energy of the photoluminescence state for a (Cd,Mn)Te quantum dot,

using equation 3.7 for any magnetic field applied perpendicular or parallel to the
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nanowire growth axis. There are eight possible transitions. Only six are optically al-
lowed (see Figure 3.13a): two transitions are o~ polarized, two transitions are o™

polarized and two transitions are 7 polarized.

a) 4 Energy levels b) hv
LY
y°
)

1 T
A
> hv
2

2
>

Brillouin Function
FIGURE 3.13: a) Fine structure scheme showing the optically allowed transitions b)

Emission scheme of the allowed optical transitions

The transition probabilities (see Figure 3.13) can be calculated using the Fermi Golden

rule [76] as the square of the following dipole matrix elements given by:

12y 13 -3 -3 13 13 -3 -
1 i __i 1 1 1
p 2 |0 % 0 mE L, 2 |0 % 0
TTIeLyl 4 o0 -4 0 ULyl L oo L 0
2’ \ 2 V6 2’ \ V2 V6
13y 1y - -
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The transition probabilities for o* and o~ polarization are given by the square of the

matrix elements of:
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Py+ =Py +1iPy (3.14)
Ps-=Px—iPy (3.15)

The matrix elements for the transition probabilities of ¢* and ¢~ will be then given
by:

151D = 1= 9 13 1= 1=
L b (0 iVi o o L b o 0 0 -iv2
b livz o 0 o “T1hlo o -iy/2 o

(3.16)

It is possible now to write the equation for the energy of the photoluminescence
state: whereas all the measurements were taken at very low temperature it will be
necessary to take into account just the lowest possible transition. Considering equa-

tion 3.3 we can write the photoluminescence energy:

Ex=E,()+E.(1)+ Ep (3.17)

Where Ej,(1) and E.(1) are respectively the first hole and the first electron state en-
ergy. These two terms are magnetic field dependent and they are calculated from
equation 3.7. The term E| is a constant and it takes into account all the terms that
are not magnetic field dependent. Ej is in fact related to the quantum dot confine-
ment, to the electron-hole Coulomb interaction and to the bandgap that we suppose
it does not depend on the applied magnetic field. E, comes from the calculation of

the mean value of (H, + Hy, + H,_p,).

3.3.1.3 Giant Zeeman effect for different field configurations

In the previous Section we saw how to calculate the photoluminescence energy from
equation 3.17. At a given temperature, the equation essentially depends on three
parameters: AE, Es, and Eyj,. By choosing these three parameters, it is then possible

to calculate the emission energy of a (Cd,Mn)Te quantum dot for any magnetic field
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applied parallel or perpendicular to the nanowire growth axis.

If Ese. and Ejy, are fixed, there will be four different emission lines of the quantum
dot. Depending on the sign of AE, the first hole level will have a light hole or a heavy
hole character and the Zeeman shift of these two states have to be calculated for the

two different magnetic field orientation leading to four possible configurations (see

Figure 3.14).
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FIGURE 3.14: Zeeman energy diagram of a light hole exciton with a) an applied per-

pendicular magnetic field ¢) an applied parallel magnetic field. Zeeman energy dia-

gram of a heavy hole exciton with b) an applied perpendicular magnetic field d) an
applied parallel magnetic field

To be able to compare the theoretical model with experimental data, all the elec-
2158 The transition
B4 Mn

tron and hole energy levels have been traced as a function of
which corresponds to the experimental line, at low temperature, is indicated by a
black arrow (see Figure 3.14). From Figure 3.14 is clear that the quantum dot Zee-
man energy diagram really depends on the direction of the applied magnetic field:
when the magnetic field is applied perpendicular to the quantization axis we can see
that the Zeeman shift of a heavy hole exciton, presents a flatness at low applied mag-
netic field. This feature is not present in all the other cases.

With the whole Zeeman energy diagram, it is possible to plot the expected theoretical
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Giant Zeeman shift of the photoluminescence line for the four different configura-

tions (Figure 3.15).
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FIGURE 3.15: Giant Zeeman Shift for a light hole type exciton with a) a perpendic-
ular applied magnetic field c) a parallel applied magnetic field. Giant Zeeman Shift
for a heavy hole exciton with b) a perpendicular applied magnetic field d) a parallel

applied magnetic field

From Figure 3.15, it is notable that the Giant Zeeman effect is strongly dependent on

the orientation of the magnetic field: the saturation value is bigger for field applied

along (perpendicular) the quantization axis for a heavy hole exciton (light hole exci-

ton). Moreover for a heavy hole exciton, when the field is applied perpendicular to

the quantization axis, we have a flat region at small magnetic field: the variation of

the Giant Zeeman shift is in fact slower in this range. In this case, the deviation from

a Brillouin function is the largest. With the Zeeman energy diagrams calculated for

the two possible magnetic field configurations and the two different types of holes, it

is possible to analyze quantitatively the experimental data.
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3.3.2 Analysis of the experimental data

3.3.2.1 NwW1

We start with NW1 which feature a simple and well resolved emission spectrum. We
consider first the shift of the main line L;. The experimental spectra have been shown
in Section 3.2 (see Figure 3.4d). We will now compare the theoretical predictions (for
a magnetic field applied perpendicular to the nanowire growth axis) derived in the

previous Section with the experimental data. The best fit is shown in Figure 3.16.
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transition and in magenta the third one.
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Figure 3.16b shows the experimental data (shown already in Figure 3.4f) concerning
the main line L; and the excited state L3. The Gaussian fit used to retrieve the line
positions is shown in Figure 3.16a. At high magnetic field, the L; excitonic line cor-
responds to the optical transition between the first projected heavy hole state |+%)x
and the first electron level —%)x. The optical transition associated to L3 corresponds
to a transition between the projected light hole state —%)x with the electron level
+ I%)x (see Figure 3.16c¢).

From Figure 3.16b it is clear that there is a deviation from a Brillouin function at small
magnetic fields. This deviation is related to the hole anisotropy AE, which is equal
to 5meV for the present nanowire: this value has been chosen experimentally by the
observation of the excited state L3 (see Figure 3.16a). This line corresponds indeed
to an optical transition involving the light hole excited state (see Figure 3.16c). For
the nanowire NW1, the two other fitting parameters E;, and Egj, have been extracted
from the fit of the Giant Zeeman shift of the excitonic line. For the best fit condi-
tions, we found E.=8.5meV and E;,=24meV. As shown in Chapter 2, EDX images
were done on this particular nanowire. It allowed us to extract the concentration of
the Mn atoms inside the quantum dot and to fix the value of x,r¢ that appears in
the definitions of the two quantities Es, and Eg,. Knowing the value of x.fr, that
is around 4%, we can discuss the values of E;, and Eyj. Es, has been taken equal to
8.5meV: this quantity is close to the saturation value 11meV. E;;, has been taken equal
to 24meV: this value is really different from the saturation one, expected for a quan-
tum dot with x.fr = 4% that is around 44meV (see Chapter 1). If we look again at the
formula that defines E, we see that it depends on x.rr but also on the integral of
the presence probability Iﬁ/vhlz. Due to the large conduction band offset, for the elec-
tron we can suppose a strong confinement in the quantum dot, with an integrated
presence probability pr\; = 1, while for the hole, as a consequence of the smaller va-
lence band offset, we have to consider a weaker confinement leading to an integrated
presence probability equal to IEZI2 = 0.55. Unfortunately there are no experimental
measurements that can determine the correct values for the presence probabilities
but there are some techniques that can highlight if the quantum dot confinement is
strong or weak: these are the time resolved photoluminescence measurements pre-
sented for NW2 in Chapter 2. From the time resolved measurements it has been
observed that the typical decay time of the excitonic state is around 800ps. The value
of this decay time is quite long if we compare it to the typical decay time observed
for (Cd,Mn)Te self assembled quantum dot that is around 200ps [17]. This difference
highlights the fact that the quantum dot confinement of this sample could be rather
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weak leading to a partially delocalized hole wavefunction around the quantum dot
region. This delocalization allows a smaller coupling between the hole wavefunction
and the Mn atoms wavefunction: this smaller overlap is responsible for the observed
smaller excitonic Giant Zeeman saturation value and then could explain the reduced

value of E;;=24meV.

3.3.2.1.1 Full Width at Half Maximum

We saw that the magneto-optical results can be explained by considering the funda-
mental transition (L;) between the electron state I—%) and the hole one |+%> and the
excited state L3 is an optical transition between the electron state |+%) and the hole
one I—%). We can note from the Zeeman diagram, that the excited state described by
the transition between the electron state I—%) and the hole one |+%) is missing. In
this Section we try then to improve the fit of the magneto-optical results by consider-
ing also this excited state: by its inclusion in the fitting model, it will be possible also
to explain the uncommon behaviour observed for the FWHM under magnetic field.
The non monotonous trend is in fact related to the presence of this excited state, that
is really close to the fundamental one, and which has a transition probability which
becomes small at high magnetic field. The new fit, using two components to repro-

duce the main line L, instead of one is shown in Figure 3.17.

As shown in Figure 3.17 a good agreement between the fit and the experimental data

can be found. We can try now, to look at the theoretical Zeeman energy diagram.

Figure 3.18a shows the experimental points (symbols) taken from the fit using a three
level transition scheme shown in Figure 3.18b. The Zeeman energy diagram is the
same as the one shown in Figure 3.16b with the presence of the second hole state
transition.

Now we have to check if this fit, with two lines, could explain the broadening of the

photoluminescence line at low magnetic field. We can now trace the FWHM of the
SupB
kpTyvin

first and the second transitions as a function of (see Figure 3.19).

Figure 3.19a shows the FWHM of the excitonic state L;, under magnetic field, taken
from the Section 3.2 while Figure 3.19b shows the experimental linewidths of the two
transitions used for the fit (for simplicity we considered them equal). The observed
experimental non monotonous behaviour at low magnetic field (see Figure 3.19a)
can be explained then by the unresolved two transitions, that both present Giant

Zeeman effect. It leads to a photoluminescence peak given by the sum of the two
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Gaussian functions that describe the two different hole transitions. If we now look
at the calculated FWHM of the two transitions (Figure 3.19b) we get the common
behaviour expected for the FWHM of (Cd,Mn)Te quantum dots under magnetic field.
Itis in fact possible to fit the data with the formula that expresses the variation of the
linewidth AErw g, due to the Mn spin fluctuations, as a function of the magnetic
field [17]:

AEpwmm = V/8In@) kg Tnn Ep (3.18)

Where Ep is the Magnetic Polaron energy. Ep is proportional to the magnetic suscep-
tibility yv o % and hence, for the FWHM, we obtain:

d gMn,UBBS)]
AE AEyy|— | Bs | —— 3.19
FWHM X 0\/dB[ g( %5 Torm ( )

where AEj is the typical linewidth of a (Cd,Mn)Te quantum dot at zero magnetic
field. This expression is related to the fact that the square of the linewidth can be
expressed as a second moment of the line, hence of the magnetization through the

Giant Zeeman Effect.
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3.3.2.2 NW2

Figure 3.20a shows the Gaussian fit used to retrieve the energy positions of the main
components that dominate the spectra of NW2. In Figure 3.20c the modeling, used
to describe the excitonic Giant Zeeman shift of the main line of NW2, is presented. A
heavy hole exciton has been also taken, as a fundamental state, for this nanowire (see
Figure 3.20b): in fact, like for NW1, it is good to remember that the applied magnetic
field is perpendicular to the nanowire axis (it is the only case where we can have a
deviation from a Brillouin like behaviour as explained in Section 3.3). All the mea-
surements were done at low temperature and then it is possible to consider just one
optical transition. The main line L; (see Figure 3.20c) corresponds to an optical tran-
sition between the first projected heavy hole state |+%)x and the first electron level
“3)y

Unlike NW1, it is not possible to retrieve experimentally the value of AE: the spec-
tra is much broader, involving different optical transitions and the second line L, is
exhibiting a Giant Zeeman effect (and so a redshift) comparable to the behaviour of
the main line L,. This trend is not compatible with a possible optical transition in-
volving the light hole excited state. If we look at the Zeeman energy diagram, shown
in Figure 3.20b, we would have expected a blue shift as in the case of NW1. The state
described by L, has to be then another optical transition involving a heavy hole state
with |+ %>x and an electron level with |- %)x.

From Figure 3.20c,d it is clear that both lines L; and L, show an excitonic Giant Zee-
man effect but the values at saturation are really different: for L; the saturation value
is in fact around 20meV while for L, is 14meV. In Chapter 2, when we described the
time resolved photoluminescence measurements, it has been shown that the two
components had different decay times: 810ps for L; and 900ps for L,. The larger de-
cay time values may suggest a weaker hole confinement for the L, line (the electron
wavefunction remains probably fully confined because of the more pronounced con-
duction band offset). It would be possible to have a delocalized hole state around the
quantum dot that is weakly coupled with the Mn atoms inside the (Cd,Mn)Te region.
The fact that the two components L; and L, have slightly different decay times could
be explained by the fact that are associated to different excitonic states with different
delocalized hole wavefunctions. We will try then to fit the experimental Giant Zee-
man shifts with two different transitions with different hole wavefunction and hence
two different values for Ejy,.

Also if we don’t have experimental measurements on the value of AE we can use all
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the informations extracted by the combined studies on NW1, like the Mn concentra-
tion and the hole anisotropy parameter AE, to try to describe NW2. We take a value of
AE=-5meV as for NW1. For the estimations of E,, and E,j;, we assume that NW1 and
NW?2 have the same Mn concentration (they are coming from the same sample). For
E,. we take 8.5meV: this quantity is very close to the saturation value 11meV suggest-
ing again an electron well confined inside the quantum dot. For Eg;, we take 16.5meV:
this value is really different from the saturation one, expected for a quantum dot with
Xeff = 4% which is around 44meV. It shows that the hole wavefuction is even more
delocalized than in the case of NW1.

For the L, component, we take the same value for AE and Es, but a smaller value of
E, (Egp, = 10meV). In Figure 3.20 we plot the Giant Zeeman shifts of the two com-

ponents L; and L, and the fit calculated with the parameters discussed above.
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3.3.2.3 NW3

When the applied magnetic field is parallel to the nanowire growth axis, as for NW3,
the Giant Zeeman effect can be more easily explained (from both light hole-heavy
hole exciton we have a Brillouin like behaviour, see Section 3.3). At the same time
less informations can be extracted in comparison to the case where the magnetic
field is applied perpendicular to the nanowire axis (NW1 and NW2): in the presence
of just the fundamental state, it is not possible to determine the hole anisotropy AE
without applying magnetic fields parallel and perpendicular to the quantization axis.
The field dependent studies done on NW3 are summarized in Figure 3.21. The energy
line positions were extracted using a Gaussian fit (as already mentioned) this fit was

introduced in the Section 3.2.
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The Giant Zeeman effect can be described by a Brillouin function. Unfortunately
in this situation it is not possible to extract the value of AE from the fit of the ex-
citon component L;. For NW3, without the detailed polarization analysis that we
have done, it would be impossible to determine if the exciton fundamental state has
alight hole or a heavy hole nature: as shown in Section 3.3, for a configuration where
the applied magnetic field is applied along the nanowire axis, the only difference be-
tween the two types of exciton is the value at saturation of the Giant Zeeman shift,
that is smaller for a light hole ground state than for a heavy hole one. Unfortunately,

in the presence of a weak hole confinement we could have a much smaller Zeeman
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shift also for a heavy hole exciton due to the weaker coupling with the Mn atoms.
The detailed polarization resolved studies were essentials to understand the emis-
sion properties of NW3 (see Section 3.2.2.1). We found that L, is almost not polarized
while L, becomes circularly polarized under magnetic field reaching a polarization
rate of 100% at high magnetic field. The L, component is then associated to a & po-
larized transition whereas the L to a o one (these considerations are supported also
by the Fourier analysis shown in Chapter 2). The only exciton that has an optical al-
lowed 7 transition is the light hole one: the L, state is then associated to a transition
between hole state |+%) and the electron one |—%> (see Figure 3.21b). We fit then the
L, Giant Zeeman shift (see Figure 3.21a) by a light hole Brillouin function: the satu-
ration energy is given by E, + % with Eg.=11meV and E;,=44meV (see Chapter 1).
The identification of L, is a bit more complicated: it is unusual that an excited state,
under magnetic field, gains so much intensity dominating the spectrum at 117. The
L, component cannot be attributed to the pure light hole transition between the hole
state |+3) and the electron one |+3): the shift at saturation for this transition would
have been smaller compared to the experimental one. We can then suppose that the
light hole state |+ %) crosses with the heavy hole one |+ %) at high magnetic field (6T).
We fit the Giant Zeeman shift with a heavy hole Brillouin function weakly confined
(the saturation energy is given by E, + % instead of Eg, + Ep). It is then a heavy
hole state that is weakly coupled to the Mn atoms (the hole saturation energy is in
fact half of the expected one, for L; we took in fact Eg;, = 44meV). We will discuss
more in details the L, behaviour in the Conclusion Section.

By assuming that the two components L; and L, are associated to a light hole and a
heavy hole transition respectively, it is possible to estimate a hole anisotropy that is
equal to AE = 18meV.
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3.4 Conclusions

To summarize, the three studied nanowires NW1,NW2 and NW3 present common

features but also some differences. The common properties are:

1. A clear excitonic Giant Zeeman effect: the amplitude of the shift at saturation
decreases by increasing the temperature proving the good incorporation of the

Mn atoms inside (Cd,Mn)Te quantum dots.

2. Both heavy hole and light hole emissions lines can be observed. These two
states are really close in energy and can be measured in NW1 and NW3. In NW1
a light hole excited state appears by increasing the temperature while in NW3 a

heavy hole excited state that manifests itself by applying a large magnetic field.

3. The Zeeman shift at saturation for the electron E;, corresponds to the expected
value of a highly concentrated (Cd,Mn)Te quantum dot (x. s = 4%) with a max-
imum variation of about 20%. This shows a well confined electron in the quan-

tum dot as expected from the high conduction band offset.

4. The exciton lifetime is quite long ranging from 800ps up to 2ns denoting a hole

not perfectly confined.

The main differences are:

1. The exciton ground state and hence the hole ground state can have a light hole

or a heavy hole character.

2. In the case of a light hole ground state, the Zeeman shift at saturation of the
hole (Ej) corresponds to the expected value of a highly concentrated (Cd,Mn)Te
quantum dot (x.rr = 4%). In the case of a heavy hole ground state, Ej, is sys-
tematically smaller than the expected value (by about 50%, see Table 3.1).

We believe that these peculiar similarities and differences between the different stud-
ied nanowires result from the interplay between the value of the heavy hole-light hole

splitting (controlled by the dot aspect ratio) and of the valence band offset.
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TABLE 3.1: Main results on Sample 1

AE E. E,j, (heavy hole) | Egj, (light hole)
NW1 | -5meV | 8.5meV | 24meV -

NW2 | -5meV | 8.5meV | 16.5meV -

NW3 | 18meV | 11meV | 22meV 44meV

Heavy hole-light hole splitting

The nature of exciton ground state (light hole or heavy hole) is controlled by the sign
of the hole anisotropy AE. Due to the small value of the hole anisotropy, the nature of
the exciton ground state changes from nanowire to nanowire (belonging to the same
sample: Sample 1). In Chapter 2 we calculated the strain effect on a CdTe quan-
tum dot inserted in an infinite ZnTe matrix as a function of the aspect ratio % (see
Figure 3.22). In this calculation, we consider quantum dots with an ellipsoid shape

embedded in a thick ZnTe shell and we take identical isotropic elastic coefficients

everywhere.
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FIGURE 3.22: Strain Hamiltonian parameters for a CdTe ellipsoidal quantum dot in
a ZnTe nanowire, the index c denotes the core while the index s denotes the shell

A single parameter called Q. controls the valence band splitting induced by strain in
the dot. Two parameters called Q; and R, control the valence band splitting induced
by strain in the shell around the dot. Q. is uniform for an ellipsoid dot and given by
analytical formula. Q; and R, are not uniform and decrease down to zero far away
from the dot. Using the continuity relation of the strain and stress tensors, we calcu-
late their value from Q, at the interface of the dot for the equator and the pole (see
Figure 3.22).
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Q. and Qg are proportional to €,4;,; and split the valence band (light hole-heavy hole
splitting). R mixes the heavy hole and light hole states. A positive value of Q. or Qg
favors a heavy-hole ground state.

If we consider the EDX measurements done on NW1 (see Chapter 2) we have a quan-
tum dot aspect ratio % =~ 2 (green arrow in Figure 3.22). From Figure 3.22, we have a
value of Q,=70meV, meaning that we expect a light hole ground state well separated
from the heavy one by a large splitting AE (AE being equal to 2Q,=140meV, or even
more if one takes into account the additional contributions from confinement). In
the ZnTe barrier, the axial contribution Q; at the equator is opposite for % =~ 2 and
additionally there is a strong mixing contribution R;. Both terms are expected to de-
crease away from the interface (as % for an aspect ratio close to 1 and as r—lz for an

elongated dot).

Valence band offset

The valence band offset V;; between CdTe and ZnTe is small. The order of the band
alignment between both material is unknown (Type I or Type II) for vanishing strain.
Vo has not been determined precisely up to now, but it is estimated to be between -
50meV<Vy<50meV. For (Cd,Mn)Te, the presence of Mn in the dot increases the band
gap and pushes even more the configuration towards a Type II band alignment. With
10% Mn, the blue shift of the bandgap is 170meV, of which one generally considers
that around 1/3 is in the valence band. Hence it is not unreasonable to consider that
-100meV<Vy<0meV between (Cd,Mn)Te and ZnTe.

In an heterostructure, the valence band offset is also modified by the isotropic com-
ponent of elastic strain. This contribution is difficult to estimate because the hydro-

static deformation parameter of the valence band is not well known.

To discuss qualitatively the influence of the band offset on the light hole heavy hole
splitting, we plot in Figure 3.23 schematic valence band profiles of ellipsoid (Cd,Mn)Te/ZnTe
dots for different values of V4. Note that we use electron like energy diagram for the

holes (hole energy). The profiles are plot in a plane perpendicular to the dot axis. We

take % =~ 2 (value of NW1) and we use Q,=70 meV, Q;=-70 meV, R;=-225 meV (see Fig-

ure 3.22). If one does not take into account the valence band offset, we expect with
previous parameters a light hole ground state well separated from a heavy hole one
(AE=140meV).
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FIGURE 3.23: Heavy hole and light hole potentials for a) zero valence band off-

set b) Type I quantum dot (Vp=200meV) c¢) Type II quantum dot (V,=50meV) with

Xeff = 4% d) Type Il quantum dot (Vo=50meV) with x, ¢ = 4% under magnetic field,

supposing to be at saturation (Es;,=44meV) (R has been omitted for simplicity). For
these calculation we used Q.=70 meV, Q;=-70 meV and R;=-225 meV

If the valence offset is small (say Vp=0meV, Figure 3.23a) elastic strain induces an
attractive confinement potential for light holes and a repulsive one for heavy holes.
Then, we expect a light hole state confined in the dot and a heavy one delocalized in

the barrier at the interface of the dot.

If the valence band offset is definitely Type I (say V,=200meV, Figure 3.23b), the holes
are deeply confined in the dot and the ground state is expected to be light hole. Note
however that the heavy hole is already less confined in the dot (the barrier height is

in fact smaller).

For non zero valence band offset (say Vp=50meV), we plot two band profiles: one in
zero magnetic field (Figure 3.23c) and one for large magnetic fields (with a saturated
heavy hole giant Zeeman splitting E;,=44meV, see Figure 3.23d). According to the

band profiles, one can draw the following conclusions:
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e The light-hole / heavy-hole splitting is expected to be smaller than 140 meV
and can even be inverted promoting a heavy hole ground state delocalized in
the barrier at the interface with the quantum dot. Note that in that case we
keep a heavy hole ground state for a quantum dot having an aspect ratio %

larger than 1.

e The hole is not well confined in the dot and the mixing term Ry must be taken
into account. A reduced Zeeman shift at saturation is also expected due to the

weak hole confinement.

* Under magnetic field, the giant Zeeman Effect lowers the heavy hole and light
hole band edges in the dot increasing V. Then, we expect a large influence of

the magnetic field, better confining the hole in the quantum dot.

Discussion

After having recalled the influence of the band offset on the hole anisotropy in the

dot, we can discuss the experimental values of light hole-heavy hole splitting and of

the Zeeman shift at saturation obtained in the different nanowires.

NWA1

AE = 18meV AE = -5meV

FIGURE 3.24: Main results found on Sample 1: in the case of a light hole exciton
fundamental state, the hole is partially delocalized in the pole region while for a
heavy hole exciton the hole is delocalized at the equator

In NW1 and NW2, we found a small hole anisotropy AE=-5meV with a heavy hole
ground state. The hole Zeeman shift at saturation is about 20meV (instead of 44meV
as expected for this sample). These values are consistent with a rather small valence

band offset shown in Figure 3.23c and Figure 3.23d: the small valence band offset
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induces a splitting between heavy hole and light hole states much lower than the
band edge splitting (equal to 140meV for % =~ 2). Moreover it reverses the order of the
hole states expected for a dot with % > 1. A scheme showing the extension of the hole
wavefunction in the equator of the dot is shown in Figure 3.24b (as shown in Figure
3.22, Q<0 at the equator and Q>0 at the pole leading to heavy holes attracted in the
equator plane). The relatively large value of the Zeeman shift at saturation may be

due to the increase of the valence band offset under magnetic field (Figure 3.23d).

For NW3, we found a small hole anisotropy AE=18meV with a light hole ground state.
The hole Zeeman shift at saturation is equal to almost 15meV. These values are also
consistent with a small valence band offset: as in the previous case, the small valence
band offset induces a reduced heavy hole light hole splitting, but the hole ground
state remains a light hole one. The hole Zeeman shift at saturation is close to the
value expected for a hole well confined in the dot (3Es, = ¥'meV for light hole and
an applied magnetic field along the nanowire axis). We believe that the hole is well
confined under magnetic field (Figure 3.23d) but remains weakly confined in zero
field (no Magnetic Polaron observed, long exciton lifetime) with a delocalization of
the hole along the poles of the dots (attraction of the light hole by Q>0 at the poles).
As explained in the previous paragraph, the giant Zeeman effect increases the va-
lence band offset which increases the hole confinement in the dot. This property is
confirmed by the appearance of the heavy hole exciton line at high magnetic field.
Figure 3.24a shows qualitatively the extension of the hole wavefunction along the

poles.

Prospects

I would like to conclude by discussing few outlooks of these studies. By depositing
the nanowires onto SisN4, membranes and by performing the magneto-optical po-
larized resolved measurements with a vectorial magnetic field, it would be possible
to determine more systematically the nature of the exciton by applying the magnetic
field parallel and perpendicular to the nanowire growth axis. With this type of exper-
iment we would determine the value of the hole anisotropy also in a case of large AE
(even if we don’t have the possibility to observe the light hole-heavy hole splitting in
the same photoluminescence spectrum for a given magnetic field configuration). By
coupling the magneto-optical results with a detailed strain calculation and a precise

EDX chemical analysis, it would be possible to reconstruct precisely the properties of
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the system. The determination of the strain effects and hence of the hole anisotropy
is a really interesting tool for the possible realization of magnetic memories (as you

will see in the General Conclusions).

The change in the hole confinement under magnetic field, can be proved by perform-
ing time resolved photoluminescence experiments at different fields and measuring

the changing in the exciton lifetime.

We showed that the hole may be partially delocalized in the ZnTe barrier leading
to a Type II structure. One solution to push back the hole inside the quantum dot
is to increase the valence band offset by for example introduce Mg all around the

quantum dot. This is what will be presented in the next Chapter.



Chapter 4

Light Hole Magnetic Polaron

Formation

4.1 Introduction

In this Chapter we present the Magnetic Polaron formation in a (Cd,Mn)Te quantum
dot, inserted in a (Zn,Mg)Te nanowire. We showed in the previous Chapter that the
nanowires of Sample 1 present a delocalized hole wavefunction proof of a weak hole
confinement inside the quantum dot. The hole Zeeman splitting E,; values were
smaller than expected according to the high Mn concentration (10% in the dot), re-
vealed by EDX measurements ( see Chapter 2). These results are in agreement also
with the time resolved photoluminescence experiments, presented in Chapter 2, that
suggest a Type II quantum dot character.

To improve the quantum confinement, we chose to insert Mg all around the quan-
tum dot so that, thanks to the more pronounced valence band offset, the hole con-

finement in the dot would be stronger (see Figure 4.1).

This sample is called Sample 2 (see Chapter 2), and in this Chapter we describe the
photoluminescence studies done on a nanowire of this sample, called MP1 that was
studied directly on the as grown sample and identified by the use of a HRSEM. The
applied magnetic field, used to characterize the Giant Zeeman effect of this sample,
is always parallel to the nanowire growth axis.

We did, on MP1, a power dependence study (like for the nanowires of Sample 1 pre-

sented in Chapter 2) to understand the nature of the emitting lines. Moreover, as for

169
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FIGURE 4.1: a) Bands offsets of a (Cd,Mn)Te QD inserted in a ZnTe nanowire b)
Bands offsets of a (Cd,Mn)Te QD inserted in a (Zn,Mg)Te nanowire

the nanowires of Sample 1, we use the power dependence study to chose the proper
excitation power to avoid the heating of the Mn atoms.

The Chapter is organized as follows: Section 4.2 presents the experimental measure-
ments done on the nanowire MP1. In the first part we show the power dependence
measurements used to identify the exciton emission and the photoluminescence
studies done as function of the sample’s temperature to retrieve its characteristic
temperature fingerprint (see Chapter 1). After, we discuss time resolved photolu-
minescence experiments, with a temporal resolution of 80ps recorded with a micro-
PL set up equipped with a streak camera. With these measurements, we extract the
characteristic time 7 ¢ of the Magnetic Polaron formation and its energy Ep. At the
end of Section 4.2, we show the magneto-optical studies, done on the nanowire, at
different temperatures, in order to retrieve the hole anisotropy AE and to check the
good incorporation of the Mn atoms as done for the nanowires presented in Chapter
3.

The second part of the Chapter consists in Section 4.3: we present a theoretical model
used to describe the temperature dependence data, the time resolved photolumi-
nescence measurements and the magneto-optical studies. We used the same set of
parameters to fit all the experimental data in order to be the most consistent as we
could. This model is based on the calculation of the total free energy of a (Cd,Mn)Te
quantum dot: we will show how to use it to determine the magnetic moment mag-
nitude and orientation with respect to the quantization axis, for any given values of

the temperature and the applied magnetic field.
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4.2 Experimental results

4.2.1 MPI1 emission spectrum

In this Section we present the power dependence studies done on MP1 in order to
characterize the emission properties of the (Cd,Mn)Te quantum dot. The photolu-

minescence results, recorded at 5K, are shown in Figure 4.2.

MP1, Laser 488nm, 5K
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FIGURE 4.2: a) MP1 quantum dot emission spectra at different excitation powers b)
PL intensities of the main lines versus the excitation power (the component L3 will
appear in the streak camera measurements, shown later in this Chapter)

Like for the nanowires of Sample 1, described in Chapter 2 and in Chapter 3, the spec-
trum at low power is broad and composed of different emitting lines from which we
can easily identified two main components L, and L, by a Gaussian fit. If we increase
the excitation power, it is possible to observe other photoluminescence lines called
L4 and Ls. The intensities of these lines as a function of the laser power are traced in
Figure 4.2b.

First it is notable that the dependencies, on the laser power, of the two components
Ly and L, are not very different. The L, component is growing a bit faster in power
compared to L; and we can see that at higher power we would have also a crossing
of the intensities: the spectrum would be then dominated by the L, state. The L,
component may be attributed to the neutral exciton state X, whereas L, could be
attributed to an excited state noted X* (a charged excitonic state for instance).

The L, emission component is probably associated with a different exciton state: as

you will see in the following, it could be attributed to the excitonic state of another
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nanowire, called NWX. These measurements were in fact taken in a high density re-
gion and then it is possible to have contributions coming from other nanowires (we
tried our best to spatially localized the emission of just MP1 using diaphragms but it
is impossible to cut completely the emission of a very nearby object without affecting
the collection of MP1 signal).

To conclude this part I would like to discuss the state described by the Ls; photolu-
minescence line. It is difficult to determine the nature of this state: the dependency
on the laser power is not superlinear but the separation in energy from the state L,
60meV, is comparable to what has been observed for the triexciton for all the other
nanowires of Sample 1. We could suppose that the maximum laser power, that we
have used, was not sufficient to start to populate this excited level but however, from
just these considerations, we cannot attribute the triexciton state to the L5 photolu-
minescence line.

Nevertheless, like for all the studied nanowires of this thesis, we will focus our atten-

tion on the fundamental ground state L;.

4.2.2 Fingerprint of the Magnetic Polaron formation

As mentioned in Chapter 1 and in Chapter 3, there are two different ways, using cw
measurements, to characterize the exchange interaction between Mn atoms and the
photocreated electron-hole pair inside the quantum dot. The first one is to perform
photoluminescence studies under magnetic field: by applying a magnetic field we
polarize the Mn spins and this polarization induces a Zeeman shift due to the ex-
change interaction between the Mn spins and the exciton ones (this is the so called
Excitonic Giant Zeeman effect). The second way to study the exchange interaction
between the Mn atoms and the electron-hole pair, is to exploit the zero field Mn spins
polarization induced by the exchange field of the exciton: this is the well known Ex-
citon Magnetic Polaron (EMP) (for a review of some experiments done to study the
properties of the Magnetic Polaron state see Chapter 1, Section 1.4). To character-
ize the EMP formation, using cw measurements, we need to perform photolumines-

cence experiments at different temperatures (see Figure 4.3).

Figure 4.3a shows the photoluminescence spectra of MP1 at different temperatures,
with the doublet composed by the components L; and L, discussed in the previous
paragraph.

Figure 4.3b shows the photoluminescence spectra of a CdTe quantum dot, inserted
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FIGURE 4.3: Photoluminescence spectra at different temperatures of a) the

(Cd,Mn)Te QD of MP1, from 6K to 80K b) a CdTe QD in a ZnTe nanowire, from 5K
to 100K taken from [17] c) Energy of L; and L, in a), as a function of temperature d)
Energy of L, in a) and X in b), as a function of temperature

in a ZnTe nanowire, (for the complete overview see [17]) as function of the temper-
ature, from 5K to 100K. The spectrum at 5K is dominated by the excitonic line X: at
low temperature, it is possible also to observe the biexcitonic state XX and a multiex-
citonic line MX.

The evolution in temperature of the two quantum dots is different. If we compare
first the spectra at the lowest temperature (Figure 4.3a,b), we can see that there is a
big difference in the linewidth: MP1 presents a broader excitonic line (around 10meV,
in agreement with the expected linewidth for a 10% Mn concentrated quantum dot
as discussed in Chapter 2) compared to the excitonic line of the sample without Mn
(around 3meV). This broadening is induced by the spin fluctuations of the Mn atoms
incorporated inside the quantum dot [72]. Second, the temperature evolution of the

two excitonic lines (Figure 4.3c,d) is different. The exciton X of the sample with a
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pure CdTe quantum dot is following the Varshni-like monotonous temperature de-
pendence (following the bandgap variation of the quantum dot, see Section 4.7). The
excitonic line L; of MP1 presents a non-monotonous variation, with a red shift when
the sample’s temperature decreases below 20K. This red shift is the fingerprint of a
Magnetic Polaron formation (see Chapter 1).

The red shift of the excitonic line shows that the system is gaining energy: we are in
fact in a regime where the Mn atoms become polarized by the sp-d exchange inter-
action with the exciton. It is possible to have a first estimate of the Magnetic Polaron
energy by looking at the value of the red shift, that is around 4meV for MP1 (Figure
4.3b). In the ideal case, this value should give the energy of the Magnetic Polaron but
we should not forget that we are using excitons. The formation time of the Magnetic
Polaron state may be limited by the lifetime of the exciton (the recombination time of
the electron-hole pair). To be not limited by the exciton lifetime we performed time
resolved measurements on MP1 (see in the following Section).

To conclude this Section we compare the temperature dependence of the photolumi-
nescence spectra of MP1 and NW?2 (see Figure 4.4). NW2 is the nanowire of Sample 1
presented in Chapters 2 and Chapter 3.

In both nanowires the excitonic line L; presents a non-monotonous temperature be-
haviour: as already explained, for MP1, the excitonic line start to red shift at 20K with
a maximum shift of about 4meV (Figure 4.4c) while for NW2 the line L; presents a
smaller red shift, of about 0.6meV, that starts at lower temperature 10K (Figure 4.4d).
The smaller red shift in temperature of NW2 reveals a much weaker Magnetic Po-
laron, and for this reason, in the theoretical treatment of the data of Sample 1 (see
Chapter 3), it has not been taken into account.

We showed in Chapter 3, for the nanowires of Sample 1, that the hole confinement
is not so strong and, as a consequence, the quantum dots present a smaller sp-d ex-
change interactions between photocarriers and Mn atoms in contrast to the value
that is expected for a Mn concentration of 10%. This can explain why the Magnetic
Polaron state is not so much pronounced in this sample (see Figure 4.4d). In Sample
2, we added Mg all around the quantum dot to better confine the hole wavefunc-
tion in the magnetic quantum dot. The stronger kink in energy, observed from the
temperature dependent measurements (Figure 4.4c), could be a first hint of the bet-
ter hole confinement in the dot: the exchange sp-d interaction in this case is bigger
thanks to the better overlap between the hole wavefunction and Mn spins. To be sure
about the polaron parameters in Sample 2, we performed time resolved photolumi-

nescence experiments (as already explained in Chapter 2) which will be presented in
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the next Section.

4.2.3 EMP formation revealed by streak camera measurements
4.2.3.1 Identification of the MP1 emission

Nanowire MP1 is located in a high density region of the as-grown sample (see Figure
4.5a,b).

To perform the temperature dependent photoluminescence studies, presented in the
previous Section, we use the conventional micro-PL set-up described in Chapter 1.
As explained in Chapter 1, the first step of the nanowire analysis, is to identify the
nanowires using a HRSEM after the mechanical deposition on the patterned sub-
strate. After the identification of the nanowires, we characterized them by means of
different techniques thanks to the use of patterned supports. All the set-ups that we

used are equipped with a white light lamp that allows to record optical images of the
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FIGURE 4.5: a) HRSEM image of the region of interest b) Zoom to show the ensemble
of nanowires where MP1 has been identified

samples and then to identify the selected nanowires. For MP1 the situation is a little
bit more complicated: we chose to study MP1 thanks to its extremely good photolu-
minescence properties and then, in the present case, as a first step we did photolumi-
nescence measurements. We retrieve the nanowire position by taking some optical
images with a white light lamp and afterwards we look at the region of interest using

the HRSEM microscope (see Figure 4.5a). As you can see, the density in this region is
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not low and due to the fact that the laser spot was 4um? it is not possible to precisely
identify which nanowire is MP1 in the green area of Figure 4.5b.

In this Section we present the time resolved photoluminescence experiments that
have been done using a micro-PL set-up equipped with a streak camera (see Chap-
ter 1). We used a white light lamp to position the laser spot in the region of interest,
where we previously identified MP1 (green square in Figure 4.5b). Then, the col-
lected signal was analyzed by a spectrometer equipped with a CCD camera. We took
different CCD images and we compared the recorded spectra to the ones presented
in the previous Section. The CCD images, taken in this set-up, associated to MP1 are

shown in Figure 4.6.

MP1 CCD image, Excitation 434nm, Power 300 uW defocused, Temperature 5K
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FIGURE 4.6: a) Image of the CCD signal recorded in the Magnetic Polaron region b)
Zoom on the (Cd,Mn)Te emission signal

As you can see from Figure 4.6, due to the use of a few um? wide laser spot, differents
photoluminescence signals are recorded. Figure 4.6 shows the signal associated to
MP1 and the excitonic emission of another nanowire called NWX. Moreover it is also
possible to see the broad ZnTe emission that is composed by the contribution of all

the nanowires excited in this region.

Figure 4.7 presents the comparison between two PL spectra taken in the two different
set-ups (cw micro-PL and time resolved photoluminescence set-up): the superimpo-
sition of the two CCD spectrum is traced. The blue signal is the spectrum acquired
during the time resolved measurements while the green one is relative to the tem-
perature dependent studies presented in the previous Section. We can see that the
superimposition between the spectra is almost perfect for the L; component (exci-
tonic state).

If we look now more carefully at the spectrum obtained from the CCD (Figure 4.6)
we see that it is composed by more emitting states (see Figure 4.7b). The spectrum

is composed by three different states called L;, L3 and L4, identified by fitting the
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FIGURE 4.7: a) Comparison of the MP1 signals taken in the two different set-ups b)
Gaussian fit of the MP1 spectrum showing that is composed by the three compo-
nents Ly, L3 and Ly

spectrum with three Gaussian functions. If we look back to the Figure 4.7a, it is clear
that the states L3 and L4 can not be identified on the spectrum recorded during the
temperature dependent studies. This is because when we performed this set of mea-
surements, we used a more focused laser (2um? instead of 4um?) and we were able
to select and study just the excitonic state L;. When we did the time resolved pho-
toluminescence experiments, we used a more defocused laser (to be able to retrieve
easily the previously identified MP1) and consequently there are emitting states asso-
ciated to different nanowires. The L, component is in fact the excitonic signal com-

ing from the nanowire NWX (see Figure 4.6).

4.2.3.2 Time Resolved Photoluminescence experiments at 5K

To extract the correct value of the exciton Magnetic Polaron energy, it is necessary to
perform time resolved photoluminescence measurements to be not limited by the
exciton lifetime. We took for MP1 transient spectra by the use of micro-PL set-up,
described in Chapter 1, equipped with a streak camera. The combined use of a spec-
trometer and a streak camera allows us to resolve the spectra both in energy and in
time with a 80ps temporal resolution and with a total temporal window of about 2ns.
To be able to record the transient shift of the excitonic photoluminescence, it is nec-
essary to use a pulsed laser. In fact, by the synchronization of the laser with the streak
camera, it is possible to follow the photoluminescence displacement that is linked to

the magnetization of the Mn atoms, after the creation of an electron-hole pair inside
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the quantum dot done by one laser pulse at the initial time t=0ps. The time resolved

measurements done on MP1, recorded at 5K, are shown in Figure 4.8.

MP1, Excitation 434nm pulsed, Power 300 uW, Temperature 5K
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FIGURE 4.8: a) Streak camera image showing the transient map of the photolumi-

nescence spectrum from Ops to 800ps b) Some selected slices of a), showing the time

evolution of the photoluminescence spectrum and the three components L, L3 and
L4, taken each 50ps

Figure 4.8a presents the temporal evolution of the MP1 photoluminescence spec-
trum and the time evolution of the three components L;, Lz and L,. From the Figure
is clear that the excitonic line L, is red shifting in time while the other emission states
don’'t move in energy. To be able to quantitatively analyze the energy shift of L;, the
transient image of Figure 4.8a was cutted off and divided in slices. In Figure 4.8b
some selected slices of Figure 4.8a are plotted at different times: the spectra have
been fitted using Gaussian functions with the same fitting parameters used to fit the
first slice at t=0 (the spectrum in Figure 4.7b is the result of the integration of all the
slices at different times). Thanks to this fit, we follow more easily the different time
evolutions of the three components: we can see in fact that the excitonic line L; is
red shifting in time, reaching a maximum shift of about 13meV while L3 and L4 don’t
move in energy. The most interesting features of the three components L;, L3 and
L4, as function of the time, are summarized in Figure 4.9. We can see that the lifetime
of the three states are really different: L3 has a very fast decay time while the exci-
tonic state L is more stable in time (see Figure 4.9b). The L, component has a very
long decay time but it is good to remember that it is coming from a different emitting
nanowire NWX and so we will not analyze it in details. We will analyze the decay time

and transient energy shift of L, for three different temperatures in the next Section.
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MP1, Excitation 434nm pulsed, Power 300 uW, Temperature 5K
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FIGURE 4.9: a) Photoluminescence emission energy as a function of the time for
the three components L, Lz and L4 b) Photoluminescence emission intensity as a
function of the time for the three components L;, L3 and Ly

4.2.3.3 Extraction of the Magnetic Polaron parameters

In this Section we show how to extract the Magnetic Polaron parameters for the
nanowire MP1. We acquired streak camera images at two other temperatures (28K
and 46K) in order to study how the temperature affects the polarization of the Mn
spins. The images are shown in Figure 4.10a,c. Also for these two set of data, we se-
lect slices at different times (see Figure 4.10b,d): it is notable that the excitonic line
L, is still red shifting in time, but its amplitude is reduced when the temperature
increases. At 5K the maximum shift of L; was around 13meV while at 46K it is al-
most 4meV: the polarization of the Mn spins is more and more reduced due to the
increase of the temperature and this behaviour is reflected in the smaller red shift of
the excitonic line L,. From Figure 4.10 we can observe also that the L, component,
associated to the nanowire NWX, is still there and doesn’t move in time. The L3 state
is weak for the data taken at 28K and invisible for the ones at 46K (in comparison to

the measurements taken at 5K).

It has been shown here and in the previous Section that due to the presence of the
L3 state, that is not moving in time, it is difficult to easily identify the position of the
excitonic state L; without fitting it systematically. Now we present the data where
the component L3 has been removed, after having being fitted for all the studied
temperatures. The result of this data treatment is shown in Figure 4.11 for all the

studied temperatures.



Chapter 4. Observation of Magnetic Polaron formation 181

MP1, Excitation 434nm pulsed, Power 300 uW
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MP1, Excitation 434nm pulsed, Power 300 pW
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Since all the data at different temperatures have been presented, it is possible to ex-
tract the Magnetic Polaron parameters. The summary containing the key features of

the excitonic line L, is shown in Figure 4.12.

MP1, Excitation 434nm pulsed, Power 300 uW
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FIGURE 4.12: a) L; emission energy positions vs time for the three different temper-
atures b) Decay Time of the L, state for the three different temperatures

From the fit of the photoluminescence emission energy as function of the time, us-
ing an exponential law AEp; = Ep(1 —exp(—t/7¢)) (see Chapter 1), it is possible to
retrieve the Magnetic Polaron Energy Ep and the characteristic formation time 7.
From Figure 4.12a it is clear that the Magnetic Polaron energy (MPE) strongly de-
pends on the Mn temperature. For higher temperature the MPE is strongly reduced

and around 46K the Magnetic Polaron state is almost suppressed.

TABLE 4.1: Magnetic Polaron parameters

5K | Ep=13meV | 77=90ps
28K | Ep=8.5meV | 7 =90ps
46K | Ep=5.5meV | 7,=90ps

In Figure 4.12b the intensity decay for the L; component versus time is plotted for
the three different temperatures. By fitting the photoluminescence intensity with
a mono-exponential decay I = Ipexp(—t/7y) it is possible to determine the exciton
lifetime at the different temperatures. As expected [82, 83] the decay time is strongly
reduced by increasing the temperature: in fact with the increase of the temperature
more and more non radiative de-excitation channels are favorable, leading to a de-
crease of the total radiative lifetime. The decay time 7 x is given in the following table

(for the three different temperatures):
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TABLE 4.2: Exciton lifetimes at different temperatures

5K | 7x=640ps
28K | 7x=205ps
46K | Tx=175ps

The decay time (7 x) at 5K is around 640ps: this value is much bigger than the char-
acteristic Magnetic Polaron formation time that is around 90ps. This means that we
are in presence of a fully formed and stable Magnetic Polaron state.

The decay time at 5K remains relatively large if we compare it to a Type I magnetic
quantum dot one, that is around 200ps [17] but it is smaller compared to the values
found for the nanowires of Sample 1 (800ps and 1.7ns), shown in Chapter 2. This
means that we can draw two conclusions: first the incorporation of Mg all around
the quantum dot helped to better confine the hole in the dot, achieving a stronger
and more stable Magnetic Polaron state. As a second point, we see that the exciton
lifetime is still quite big compare to a Type I quantum dot: this means that the hole
may be still partially delocalized and then it is possible to increase even more the
coupling with the Mn atoms by adding for example more Mg around the quantum
dot.

4.2.4 Excitonic Giant Zeeman Effect

In this Section we present the magneto-optical studies done on MP1. The (Cd,Mn)Te
quantum dot emission was studied by the use of the magneto-optical set-up de-
scribed in Chapter 1. To check the good incorporation of the Mn atoms inside the
quantum dot, we analyzed the Zeeman shift of the exciton line L; that manifests it-
self through Giant Zeeman effect (see Chapter 3). We performed photoluminescence
measurements under magnetic field in a Faraday configuration: the excitation and
the detection are parallel to the magnetic field that is applied parallel to the nanowire
growth axis.

Figure 4.13 shows the spectra evolution, of MP1, at 8K and 15K, with the applied
magnetic field. At zero magnetic field, we retrieve a spectrum composed mainly by
two components L; and L,. The maximum value of the applied magnetic field is 11T
for the measurements taken at 8K while for the one at 15K we stopped at 8.5T (due
to the difficulty to retrieve the photoluminescence signal of the nanowire as you will
see below).

From Figure 4.13 a,b it is clear that both components are red shifting under magnetic
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field exhibiting a Giant Zeeman effect but with very different saturation values: for
L, itis about 22meV at 11T while for L, we have a smaller value, close to 16meV (see
Figure 4.13). Like in Chapter 3, to check that the red shift is related to the coupling be-
tween the photocarriers and the Mn atoms, we took another set of magneto-optical
measurements at a different temperature: 15K (see Figure 4.13b). As expected, the
amplitude of the excitonic Giant Zeeman shift is slightly reduced for both compo-
nents L; and L.

Doing magneto-optical measurements on a dense region (like for MP1) is a very dif-
ficult experiment. By applying a magnetic field we change the coupling between the
laser and the nanowire: the piezoelectric scanner in fact slightly moves changing the
position of the nanowire. Itis necessary then to optimize the exciton PL signal at each
applied magnetic field without "jumping” and then measuring another nanowire (to
avoid the Mn heating effect, it is not possible to increase the laser excitation power).
When the temperature is increased, more states are excited making even more diffi-
cult to catch just the MP1 signal (for this reason we stopped at 8.5T for the measure-

ments at 15K).

MP1, Excitation 488nm, Power 2 uW
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FIGURE 4.13: (Cd,Mn)Te QD emission studied under magnetic field, with a mini-
mum step of 0.5T at a) 8K b) 15K

We summarize the magneto-optical results in Figure 4.14. To correctly trace the en-
ergy positions of the two components L; and L, we used a Gaussian fit shown in
Figure 4.14a. We retrace all the data extracted from the micro-PL studies, under mag-

netic field, as function of :B“ ;I\fn (see Figure 4.14b,c). The Mn temperature is shown in
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bracket.

Like for NW1,NW2 and NW3, also MP1 shows a clear dependence on %: the mea-
surements taken at 8K and 15K are in fact superimposed highlighting the presence of
Mn atoms inside the (Cd,Mn)Te quantum dot.

We tried also to fit this set of data using a Brillouin function: as explained in Chapter
3 when the applied magnetic field is parallel to the nanowire growth axis, it doesn’t
matter if the fundamental state of the quantum dot is a light or a heavy hole exci-
ton. In both cases in fact, the first allowed transition (the measurements were done
at very low temperature and we can consider just the first transition) should be mod-
eled by a Brillouin function. For this particular nanowire, where a Magnetic Polaron
has been found, the Brillouin function should be translated along the x axis by the in-
ternal magnetic field generated by the zero field magnetic moment of the Magnetic
Polaron (see Chapter 1). Figure 4.14d,e, shows that, for low magnetic field, there is
a strong deviation from a Brillouin function, highlighting an uncommon behaviour.
The magnetic dependence of this nanowire is then more complicated compared to
the ones described in Chapter 3 and it will be explained in the last part of this Chapter
where all the magneto-optical and temperature dependent studies will be analyzed
using a theoretical model describing the Magnetic Polaron formation under mag-
netic field.

Finally the L, component has a much smaller saturation energy (10 meV), compared
to L (see Figure 4.14c,e) and it is possible to fit the exciton Giant Zeeman effect with
a Brillouin function. The behaviour then, under an applied magnetic field, is more
common but unfortunately without any supplementary measurements it is difficult

to understand the nature of the state associated to the L, component.
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4.3 Magnetic Polaron model based on total free energy

In this Section of Chapter 4 we show how to analyze and understand the data taken
on MP1.

The approach that we will present is based on the calculation of the quantum dot free
energy introduced in [9], this paper was presented in Chapter 1 in Section 1.4. In [9],
the free energy approach is used to calculate the probability distribution of the spin
splitting for a donor (an electron localized on a shallow donor) Magnetic Polaron in

a bulk diluted magnetic semiconductors (Cd,Mn)Se crystals (see Figure 4.15).

Cd: 3d"° 42
Mn: 3d5 4s2
Cd, gMn, ,Se YA
Mn Spins S=5/2

o, ()

FIGURE 4.15: (Cd,Mn)Se quantum dot of [9]

For a donor, we have an isotropic configuration with a spherical symmetry. In the
paper, the thermodynamic fluctuations of the magnetization are taken into account:
this is a really important point, as you will see, because it allows to determine all the
possible configurations of the total magnetic moment.

In this Section we are going to extend the model introduced in [9] in order to de-
scribe the Magnetic Polaron of an exciton in a (Cd,Mn)Te magnetic quantum dot.
We will also add the contribution of the hole anisotropy (see Figure 4.16). As you will
see, this approach is really powerful compared to the commonly used Mean Field
Approximation (MFA, see Chapter 1) where the magnetic fluctuations are not taken
into account: MFA supposes in fact that the system remains at very low temperature.
On the contrary, the free energy approach is valid at low and high temperatures: it is
then very useful to model and analyze the micro-PL measurements taken at differ-
ent temperatures. With this model, we will be able to determine the direction and

the magnitude of the quantum dot magnetic moment, respect to the nanowire axis,
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for a chosen value of the applied magnetic field or a given temperature.

Considering that we studied the properties of the Magnetic Polaron formation by
means of photoluminescence experiments, we will also explain how to calculate the
exciton photoluminescence spectrum at different magnetic field and temperatures
by using the total free energy.

In the first part we introduce a free energy approach used to model the system and
understand the evolution in time of the Magnetic Polaron.

In the second part we use the same free energy approach to understand the evolu-
tion of the Magnetic Polaron magnetization when we apply a magnetic field along
the NW growth axis.

4.3.1 Total free energy
4.3.1.1 Introduction

Figure 4.16 shows the (Cd,Mn)Te quantum dot system. In the quantum dot, we have

Ner¢ Mn atoms that have spin § = %

Cd: 3d'04s? M = S =M m(®
Mn: 3d5 4s? i%(gMnuB) i sat ( )

(Cd’Mn)Te Msat = NefngnHBS Neff = J.J.J. pMn (f)d3i:
Mn Spins S=5/2

Py, (T) =N X, inthe dot

y

FIGURE 4.16: (Cd,Mn)Te quantum dot in spherical coordinates

There are exchange interactions between the Mn spins and the photocreated exci-
tons. These exchange interactions are described by a Kondo-like Hamiltonian, intro-

duced in Chapter 1, given by:
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Hypg=-a) Si-Gelye(R)I* - gzgz Tnlwn(R)I? (4.1)
R; R;

1

Where a and S are the exchange constants for electron and hole respectively. R;
is the position of the magnetic ions characterized by spin operators S;. O, is the
spin operator for the electron and fhi is the kinetic momentum of the hole. |y, (R;)|?
and |y, (R;)|? are the envelop functions for electron and hole [81] and they take into
account the overlap between the carriers wavefunctions and the one of the magnetic
impurities (for simplicity we considered the same envelope function for light and
heavy hole).

We can define a magnetic moment for the system such as:

—

M=} guausSi (4.2)
i€eQD

The common assumption which is used to simplify the calculation is the so-called
"Exchange Box Model” introduced in Chapter 1, Section 1.4.2.1. Usually this model is
used with the so called Mean Field Approximation (MFA) that doesn’t consider ther-
mal fluctuations (it is supposed to be valid at low temperature).

We extend the model that can be found in [9] for a donor to an anisotropic quantum
dot containing a neutral exciton. We will show also that by using this model where
the thermal fluctuations are taken into account, it is possible to calculate the photo-
luminescence spectrum at a given value of magnetic field or temperature.

The main idea is to define the free energy of the system (at a constant volume), de-
scribed in Figure 4.16, F(T, M) where T is the temperature and M is the magnetic
moment of the system. In spherical coordinates, we can write the magnetic moment

such as:

M = Mq (6, ) (4.3)

Where M;q: = Nerr8mnpisS and 0 < ||| < 1. In the following we consider another
approximation: we suppose that the system has a circular symmetry, losing then the
dependence on the azimuthal angle ¢. This assumption is reasonable if we think
about the EDX results (see Section 2.1.1.1) where the quantum dot is modeled by an
ellipsoid.
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For an empty quantum dot, the probability to have a magnetic moment M is given

by:

R F(T,5D Osm=1
P(M)=Ae *T =P(m,0) (4.4)
0<O=m

With the calculation of P (m,8) for different values of (m, ), it is then possible to
reconstruct all the possible configurations for the total magnetic moment M in the
cylindrical space for an arbitrary value of the applied magnetic field and for any given

temperature.

4.3.1.2 Calculation of the Mn spin free energy

In Appendix B we show how to calculate the partition function Z and then all the
fundamental quantities like the Helmholtz free energy for a system with a total an-
gular momentum J in an external magnetic field B. We can then use the formula
B.5 introduced in Appendix B to calculate the Helmholtz free energy for a (Cd,Mn)Te
quantum dot. This system is composed by N paramagnetic spins (S = =5/2,...,+5/2)
forming discrete non degenerate quantum states with energies es = gsupSB. Using
equation B.4, the expression for y = gsup B (where we recall that § = m) and the

Lande g-factor gs =2 (for Mn) we have for the partition function:

. G/JBB )
sinh ( T o

. upB
sinh ( s TMn)

7 = (4.5)

It is now possible to write down the Helmholtz free energy F(T, B) and deduce the
quantum dot magnetic moment M(T, B) which follows a Brillouin function, using

respectively equations B.5 and B.6:

. G[JBB
sinh ( s TMn)

. upB
sinh ( Ts TMn)

F(T, B) = =N kg Tymln (4.6)
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O0F(B,T)
0B

gvmnMBB
kg Tvin

gvmniBB

= M;atBs)2 kB Tur
n

M(T,B) = —( 4.7)

) = Nefr&mnltnSBs/2
T

At this point, it is better to rewrite the free energy F(T, B) as function of the tem-
perature and the magnetic moment F* (T, M) using a Legendre transform [84, 85]. A
Legendre transform enables, in fact, to replace an independent variable of a thermo-
dynamic potential (B in our case) by its conjugate (M): the function produced corre-
sponds to the relevant thermodynamic potential at constant conditions of the new
independent variables. It is the same process to retrieve the definition of the free en-
ergy F(T,VN) from the definition of the internal energy E(S,VN) (in Thermodynamic
statistics the transform is used to extract all the principal thermodynamic potential

such as the Helmholtz free energy, the Gibbs energy and the Enthalpy):

ZLIE(S,V,N)]=F(T,V,N)=E(S*,V,N)-TS*

QESV.N)|
0S §=§* T r

(4.8)

When we describe a magnetic system, we start with the free energy: F(T, B)y and the

0F(B,T)
0B

dre transform to the free energy F(T, B)y to retrieve F* (T, M)y by switching the two

definition of the magnetic moment M = — ( )T. We can now apply the Legen-

conjugate variables M and B:

Z|F(T,B)] =F*(T,M)=F(T,B*) + MB*

O0F(T,B) _
~ T 6B B:B*_M

(4.9)

We have then to calculate B* and substitute it in equation 4.9 to obtain F* (T, M). B*

is given by (equation 4.7):

_OF(T,B)

3B (4.10)

. (NkgT\ _,( M
|pop =M=B"=|—— EYa

Where Mg, is defined as Msqr = Nefrg€umniiS and Bg,lz is the reciprocal function of
the Brillouin function. The expression for F* (T, M), that for simplicity will be called
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just Fas, (T, M), will be given by substituting the expression of B* in equation 4.9 lead-

ing to:

Fyn (T, M) = - efkaTMnln

(7)) (4.11)

N,rekgT M B-}
effB MnMSdt 5/2

The expression 4.11, obtained above, is a function of the total magnetic moment
magnitude M (it has been derived also in [86]): for a real quantum dot, the free energy
depends on the magnetization profile in the dot M (¥) with a functional F(V, T, M(F))
which is very difficult to calculate. In the following we will not take into account non
uniform magnetization profiles inside the quantum dot.

If an external magnetic field is applied, we have to add also the Mn Zeeman contri-

bution given by:

Fs(M) = Fpgn(M) — M- B = Fpp(M) — Mg, - B (4.12)

4.3.1.3 Calculation of the carrier free energy

To describe the Hamiltonian and then the free energy that takes into account the
carriers, we use the results presented in Chapter 1 and in Chapter 3. The Hamiltonian
of the system is composed by electron, hole exchange terms and an anisotropy term.

If we consider the nanowire axis (z axis) as the quantization axis, they are given by:

Eshﬁl'fh . 2
Hcarriers = T + Esem-0e+ 7(];12 -

JU+1)
3

)+ Ex (4.13)

Where J}, and &, are the spin operators for hole and electron respectively. Ey is the
Hamiltonian that describes the exciton composed by one electron and one hole con-
fined in the quantum dot and coupled by Coulomb interaction. We assume that Ex

is constant under magnetic field.
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To take into account the carrier free energy noted Fx, we can follow the same pro-
cedure shown in Chapter 3. We first calculate the eigenstates and eigenvalues asso-
ciated to the electron and to the hole E,, Ej by diagonalizing Fx. We can then write

down the expressions for the electron and hole partition functions, using:

4 ..
Zh — Z e_Eh(])/kBT
j=1
2 .
Z, = Yy e EelksT (4.14)

i=1

Where the four hole level and the two electron ones are traced in Figure 4.17.
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FIGURE 4.17: Electron and Hole level, equation 4.14

With the two partition functions Z, and Zj, it is now trivial to extract the Helmholtz

Free Energy for the electron and the hole using the equation F, , = —NkpTInZ, j,:

Fh = —kBTanh
F, = —kgTIlnZ, (4.15)

The free energy for the carriers will be then given by the sum of the two free energy

of the electron and of the hole and it will be noted Fy:
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Fx =—kpT[In(Zy) +In(Z,)] + Ex (4.16)

Where Ex is the energy of the exciton (see equation 4.13).

4.3.1.3.1 To summarize

The total free energy (Fm,(M) = —kg TIn(P[M])) of the occupied quantum dot, de-
scribing the Mn magnetic moment fluctuations in the presence of carriers is finally
the sum of four terms depending on /72 (unitary vector which gives the orientation
of the quantum dot magnetic moment) and Ex that describes just the electron-hole

pair:

Frot(M) = Engn (1) = Mg (7t - B) + Ex + Fo(Eseif) + E (Ep, 1) (4.17)

The last two terms of equation 4.17 which take into account the exchange coupling
between the electron-hole pair and the Mn atoms and the hole anisotropy are given
by:

Esein-Ge
F,(m) = —kgTInTr;|e *sT ]
R _Esh’h'f_'_&(]Z _1(1+1))
Fp(m) = —kBTlnTrj e SkpT "2kpT\'hz 3 ] (4.18)

When the quantum dot is empty, the expression for the total free energy will be given
by:

Frot(M) = Fppn(M) — Msq (72 - B) (4.19)

For an occupied quantum dot, the probability to have a magnetic moment M has

to be calculated by taking the partial trace of the total free energy F;,;(M) over the
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electron operator o (defined by the index i) and the hole kinetic momentum one J
(defined by the index j):

e_ kpT

P[M]|=Tr;; (4.20)

Fg, 1) ]

4.3.2 Fitting procedure used with the total free energy
4.3.2.1 Presentation of the model

In the previous Section we recall the expression of the total free energy of a (Cd,Mn)Te
quantum dot system (equation 4.17). The power of using the total free energy treat-
ment is that it is possible to calculate the probability that the magnetic moment of
the quantum dot is M, it will be noted P,q.[M], this was introduced in Section 4.3.1.1.
The photoluminescence spectrum associated to M can be calculated by the equa-

tion:

Iy(e) =Y fij6(e—Ei )P{) (4.21)
ij

Where 6 (¢ - E;, ) has been replaced by a Gaussian line with a linewidth of few meV in
order to take into account the broadening induced by the spectral diffusion [70] and

the other quantities are defined in the following.

4.3.2.1.1 Oscillator Strengths

The equation 4.21 is the sum of eight emission lines at energies E; j = Ex + Ee; + Ep
(the energies and the eigenstates are obtained by diagonalizing equation 4.13 for a
given M) where the index are 1 <i <2,1 < j <4 and the oscillator strengths are given
by fij = {@eil Pal@nj) | [76] with the index a that represents the three directions
X, ¥,z and pg is the component of the momentum operator p. The optically allowed
transitions, in the presence of an applied magnetic field for a heavy hole-light hole

exciton ground state are shown in Figure 4.18.
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FIGURE 4.18: Optical allowed transitions in the presence of an external magnetic
field for a) a heavy hole exciton b) a light hole exciton c) Radiation properties of a o
and a 7 polarized light

(Cd,Mn)Te
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Figure 4.18a,b show that at zero magnetic field, there are six optical allowed tran-
sitions with six different oscillator strengths f;;. Four of the six transitions involve
the light hole exciton ground state (two of them are o polarized while the other two
are 7 polarized) and two transitions (o polarized) are associated with the heavy hole

exciton state.

4.3.2.1.2 Thermalization of the carriers

To reconstruct the photoluminescence spectra, we assume that electron and hole are

at thermal equilibrium:

_Ep()  _ Eeld)
3 3
peh — ﬂ (4.22)
ij= .
ZhZe

where Ej,(j) and E,(i) are the hole and electron confined levels. In the case of Figure
4.18b, the fundamental transition will be between the electron state |—%> and the first
light hole state |+%> and it will be 7 polarized. Thanks to the thermal activation law
(equation 4.22) we take into account also all the other possible transitions but with

an intensity that will decrease according to equation 4.22.
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4.3.2.1.3 Calculation of the photoluminescence spectrum

The real photoluminescence spectrum will be given by a numerical calculation which
sums up all the contributions of the different values of the magnetic moment M, with

the following expression:

I(e) = f A®> MP e [M]15;(€) (4.23)

The maximum of I(¢) can be extracted and used to fit the experimental values for
the different magnetic fields and temperatures that have been studied in the exper-
imental Section. This spectrum corresponds to the fully formed Magnetic Polaron
at thermal equilibrium. It assumes that the polaron formation time is much smaller
than the exciton lifetime: this is in agreement with the experimental results show in

in the experimental Section 4.2.3.3.

4.3.2.1.4 Fitting Parameters

Before showing how the model succeeds to fit all the experimental values, we high-
light all the fitting parameters, necessary to calculate the total free energy. The fitting

parameters are in total five and they are: AE,N,rr,Ese, Esp and Ex.

e AE is the light hole-heavy hole splitting and it takes into account the hole

anisotropy along the z axis (see Figure 4.18);

* E,., Eg, are the Zeeman splittings at saturation for electron and hole respec-
tively: we need them to calculate the free energy for the electron and hole re-

spectively (see equations 4.18);

* Ny is the effective number of Mn spins and it is the value that defines the
total magnetic moment of the quantum dot (see equation 4.3). Assuming an

effective Mn concentration x.¢y, it is related to the quantum dot volume by

Negr = NoXefrVap;

» Ey is the energy of the exciton without the incorporation of Mn atoms: it takes
into account the confinement energies and the Coulomb interaction between
the electron and the hole. We supposed that it does not change under magnetic

field and with the temperature.
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4.3.2.2 Example of calculated spectra of heavy hole and light hole Magnetic Po-

larons

We showed how to calculate the photoluminescence spectra using equation 4.23.
Now we present some calculated spectra, under a magnetic field applied parallel to
the nanowire growth axis, with different values of the light hole heavy hole splitting
AE, keeping the other fitting parameters (Neff,Ese, Esp) constant and assuming an
internal exchange field of 2.9T (this internal magnetic field correspond to a light hole

Magnetic Polaron energy E Il)h = 13meV, see equation 4.27).

TABLE 4.3: Parameters for the calculated Giant Zeeman effect

| Nepp=59 | Eqe=11meV | Eg =38.5meV | AE = 0meV, —20meV, +20meV

Figure 4.19 shows the calculated spectra from 0T to 11T for characteristic values of

AE.
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FIGURE 4.19: Calculated spectra of a Magnetic Polaron state, under a magnetic field

from 0T to 11T with a step of 0.5T, using equation 4.23 for a) AE = OmeV degener-

ate case b) AE = —20meV heavy hole Magnetic Polaron c) AE = +20meV light hole
Magnetic Polaron
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Figure 4.19a corresponds to the degenerate case (AE = 0), Figure 4.19b to a heavy
hole exciton (AE < 0) while Figure 4.19c to a light hole exciton (AE > 0). The main
difference between the two situations is the amplitude of the Giant Zeeman effect at
11T: for a heavy hole exciton we have a shift of about 26meV while for the light hole
exciton is only about 10meV.

The spectra, at 0T, are not centered at the origin of the energy axis because the model
takes into account the Magnetic Polaron formation with two different values for the
heavy hole exciton Eﬁh and light hole exciton E éh Magnetic Polaron energies. We
showed, in Chapter 1, that using the "Exchange Box Model” it is possible to define

the electron and hole exchange magnetic fields given by the following expression:

a E
gl = =—2>0 (4.24)
28MnBVoD  Msar
- E
ghole _ p = —sh S (4.25)

ex,

B 28MmnB VoD - Msat

We can retrieve then the Magnetic Polaron energies for a heavy hole and a light hole

exciton given by:

Ep" = (M) [BS, + B2 (4.26)

ex
hole
ex,

3

Ef' = (M) [BS, + ] (4.27)

4.3.2.2.1 Giant Zeeman Shift

As we we have calculated the photoluminescence spectra, under magnetic field, we
can extract the maximum of each spectrum and plot it as function of the magnetic
field (see Figure 4.20). Figure 4.20a shows the Giant Zeeman shift for a light hole
exciton while Figure 4.20b shows the one for a heavy hole exciton. The parameters
used for the calculation are shown in Table 4.4.

TABLE 4.4: Parameters for the calculated Giant Zeeman effect

| Nepp =59 | Eqe=11meV | Eg, =38.5meV | AE = -50meV, +50meV |

We add a modified Brillouin function, shifted by the Magnetic Polaron exchange field
BE, + B'0l¢ (see Chapter 1) to fit the degenerate case (AE = 0).
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FIGURE 4.20: Giant Zeeman shift extracted from the spectra calculated using equa-
tion 4.23 with an applied magnetic field parallel to the nanowire growth axis for a)
light hole Magnetic Polaron b) heavy hole Magnetic Polaron

The differences between the two cases are remarkable: not only the amplitude of the
Giant Zeeman shift is really different (with a bigger value at saturation for the heavy
hole exciton), but also there is a large difference in the Zeeman shift at low magnetic
field and the Magnetic Polaron energies are really different.

For a heavy hole exciton (see Figure 4.20b) the Giant Zeeman shift follows a trans-
lated Brillouin function for all values of AE.

For a light hole exciton (with AE = 50meV, see Figure 4.20a) the data follow a trans-
lated Brillouin function (by the light hole Magnetic Polaron exchange field given by:

hole

Bg;z + Begz ) only for high magnetic field. At low magnetic field there is a pronounced

deviation that becomes bigger for large AE (not shown on the Figure 4.20). This be-

haviour is due to the combined effect of the Magnetic Polaron formation and of the
hole anisotropy. We saw in fact (see Chapter 3) that without the presence of a Mag-
netic Polaron, for the nanowire studied in a Faraday geometry (NW3), the Giant Zee-
man shifts can be fitted by a Brillouin function.

In the next Section we will analyze in details the behaviour under small magnetic

field of the magnetic moments in the case of a light hole Magnetic Polaron.

4.3.2.2.2 Free energy maps

Using the total free energy, equation 4.17, it is possible to determine the average an-
gle 6 between the magnetic moments (M) and the nanowire growth axis for an occu-

pied and an empty quantum dot at a given value of B and at a given temperature 7.
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By performing the numerical calculation of the total free energy (F(T, M)), as func-
tion of m and the angle 6 (see Section 4.3.1.1) where 0 < m<1and 0 <0 < 7, it
is possible to determine the value of the magnetic moment at thermal equilibrium
(M) by looking at the minimum of F(T, M). In these simulations, we used the set of

parameters shown in the following table:

TABLE 4.5: Parameters for the calculated Giant Zeeman effect

Nepp=59 | Ee=11meV | Eg, =38.5meV | AE =12meV |

In Figure 4.21 we show an example of such calculated maps, for 0T, 2T and 5T.

We see that in all the cases the formation of a Magnetic Polaron allows the system
to gain energy (if the minimum of F(T, M), dark blue, is not visible, please look at
the digital version of Figure 4.21). Moreover, while for 0T (see Figure 4.21a) the total
magnetic moment is perpendicular to the nanowire growth axis, at 5T (Figure 4.21c)
the total magnetic moment is along the nanowire axis. For the intermediate case
(magnetic field equal to 2T, see Figure 4.21b), the total magnetic moment tends to
align itself in the direction of the magnetic field but due to the Magnetic Polaron

formation it is not parallel to either the x axis or the z one.

4.3.2.2.3 Magnetic Polaron formation process

To be able to better analyze the evolution of the total magnetic moment (]\71 Y we show
some slices extracted from the free energy maps for different magnetic field, 0T, 2T
and 5T in Figure 4.22.

To produce Figure 4.22 we calculate the total free energy F(T, M) for particular values
of 8 (8 =0°, 6 =90° and 6 = 29.5°) and for an occupied and an empty quantum dot
state.

We are going to discuss now the photoluminescence process for different values of
the applied magnetic field. At the beginning (B=0T), the quantum dot is empty, hav-
ing then a total magnetic moment (1\71) = 0. Under the laser excitation, there is a
creation of an (e,h) pair followed by the formation of the Magnetic Polaron state that
leads to (M) # 0 by lowering the system total energy. After, there will be the (e,h) re-
combination with the emission of a photon followed by the relaxation of the system.
Figure 4.22a shows the orientation of the magnetic moment 772 at 0T. When we inject
an electron-hole pair inside the quantum dot, there is the formation of the Magnetic

Polaron state that polarizes the magnetic moment perpendicular to the nanowire
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growth axis.

When we start to apply a magnetic field along the nanowire growth axis, we are try-
ing to flip the magnetic moment along the direction of the magnetic field. Then,
there is a competition between the polarization caused by the magnetic field and the

one induced by the effective exchange field of photocarriers. For B=2T, the magnetic
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moment (see Figure 4.22b) will then lie in a plane comprised between the nanowire

growth axis and the perpendicular direction.

When we apply a very strong magnetic field (B=5T, see Figure 4.22c) we force the

magnetic moment to align along the nanowire growth axis.

The competition between the polarization induced by the exciton exchange field and
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the one induced by the applied magnetic field, can explain the deviation from a Bril-
louin function observed in the Giant Zeeman shift at small magnetic field (Figure
4.20a). This fingerprint is a characteristic feature of a light hole Magnetic Polaron
when the magnetic field is applied along the z direction, i.e. along the hole anisotropy

axis (hard axis).
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4.4 Identification of light hole Magnetic Polaron: appli-

cation of the model to analyze the experimental data

4.4.1 Fitting of the Giant Zeeman Effect

In this Section we show how to analyze the magneto-optical measurements shown

in Section 4.2.4. The experimental and the theoretical data are shown in Figure 4.23.
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FIGURE 4.23: Experimental Giant Zeeman effect at a) 8K b) 15K. Calculated Giant
Zeeman effect, using equation 4.23, at c¢) 8K d) 15K



Chapter 4. Observation of Magnetic Polaron formation 207

Figure 4.23a,b shows the magneto-optical data taken at 8K and 15K respectively while
in Figure 4.23c,d are traced the calculated spectra using equation 4.23 for the exci-
tonic component L;. We calculated the theoretical spectra using equation 4.23 with

the fitting parameters shown in the following table.

TABLE 4.6: Fitting parameters for the theoretical Giant Zeeman effect

| Ex=2032meV | Nosr =59 | Ese=11meV | Eg, =38.5meV | AE = 12meV |

To reproduce the evolution of photoluminescence spectra as function of the mag-
netic field (Figure 4.23c,d), we had to consider a light hole exciton ground state (AE =
12meV). As explained in Chapter 1, this is the only case where the photolumines-
cence Zeeman shift does not follow a monotonous law.

From the table of the fitting parameters, we see that we have to play with five fitting
parameters to reproduce the experimental data. In the next Section we will show that
it is possible to find relations between some of them, reducing then the number of

free parameters. Others are given by the different experiments done on MP1.

4.4.1.1 How to determine the five fitting parameters

In the previous Section we showed that we have to play with five fitting parameters to
fit the magneto-optical measurements. These parameters are Ex (the exciton pho-
toluminescence energy without considering the coupling with the Mn atoms), Ny
(the number of effective Mn spins that are involved in the exchange interaction), Es,
(the Giant Zeeman shift at saturation of the electron), E;, (the Giant Zeeman Shift at
saturation of the hole) and AE (the hole anisotropy parameter).

The position in energy of the light hole transition Ex could be extracted by consid-
ering the energy of the Magnetic Polaron state EIL,H = 13meV (at 5K) retrieved from
the time resolved photoluminescence measurements, shown in Section 4.2.3.3. The
energy Ex is in fact given by Ex(T = 5K) = E,,, (T=5K) + EJ*(T = 5K) = 2019meV +
13meV =2032meV.

We can also fix the energy at saturation of the electron Es.. The confinement po-
tential acting on the conduction electron is very strong and we can then suppose
an electron fully confined in the quantum dot. By considering then the EDX results,
done on NW1 of the Sample 1 (see Chapter 2), where we found an effective Mn con-
centration x.rs = 4%, we could suppose the same value for Sample 2 (Sample 1 and
Sample 2, were in fact, grown with the same growth conditions and the same day, see

[14] and Chapter 1). The energy at saturation of the electron will be then taken as the
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maximum one E;, = 11meV.

We have then only three parameters over five that can be changed to fit the experi-
mental data: Nesr, Esp, AE. These parameters are however linked from some defi-
nitions presented in Chapter 1. The energies of a light hole Magnetic Polaron (along

the x direction) and a heavy hole one (along the z direction) are given by:

2
i S+ (Ese+3Eq) (4.28)
P 3]€BTNeffS |
S+1)(Ege + Esp)?
E;lh: ( )(Ese sh) (4.29)
3kpTNersS

The hole anisotropy parameter AE is defined by the photoluminescence emission

energies of the light hole and heavy hole exciton and is given by:

BB e e
B 2 B 2

AE (4.30)

By using a graphical method, we will show that it is possible to determine E;, and to
deduce E ﬁi’ By knowing Ejy, it is possible to calculate E ﬁh (equation 4.29). With E",

Ih
Epp»
nescence experiments while E gz is the photoluminescence emission energy) we can

E %’ and E }Dh = 13meV (E }Dh = 13meV is given by the time resolved photolumi-

use equation 4.30 and then calculate also AE.

Before showing how we deduced Ej,, we make another consideration. It is not pos-
sible to fit the Giant Zeeman shift by considering only a light hole Magnetic Polaron
state. The Zeeman shift of the photoluminescence emission at saturation is too high
for a light hole state even for the highest effective Mn concentration (Eg;, = 44meV,
see Chapter 1). The saturation energy for a light hole Magnetic Polaron oriented

along the z direction is given by:

lh _ rlh
Esat_EX -

E
Eo+ ?Sh) =2032meV — 25.7meV = 2006.3meV 4.31)

From the experimental data, the Ep; at 11T is 2000meV, a much smaller value com-
pared to the Giant Zeeman saturation one (2006.3meV) for a light hole Magnetic Po-

laron. We can then suppose that for high magnetic field values, there is a transition
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of the system from a light hole Magnetic Polaron state to a heavy hole one. The situ-
ation is then more complicated to what has been calculated in Chapter 1.

To retrieve the value of E,j,, we have fitted the experimental data supposing a heavy
hole Magnetic Polaron state for high magnetic field values. We plotted the Giant Zee-

man shift (for the measurement at 8K) in Figure 4.24a.
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to a more simple determination of Egj,.

has been traced as function of B% ( ): the curve is almost a straight line leading
By fitting the experimental points, at high magnetic field values (see Figure 4.24a),
we retrieved a value of E; = 38.5meV and the heavy hole Magnetic Polaron emission
E ’;,’Z We can now calculate the heavy hole Magnetic Polaron energy graphically (see
Figure 4.24b) for a given value of Esj, having Egh =23.6meV.

By having EI", EI', E'", E'l we can also calculate AE using equation 4.30 and then

have all the system parameters. We retrieved for the hole anisotropy AE=12meV.

4.4.1.2 Final Results

In this Section we present the results obtained with the total free energy approach
(with the fitting parameters presented in the previous Section). The good agreement
between the theoretical and experimental photoluminescence energy positions is

shown in Figure 4.25a.

In zero field, we have a light hole Magnetic Polaron state; this is the first time that it

has been observed in a II-VI DMS nanostructures.

(5p3 (B +BS,, +BJol)

’
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FIGURE 4.25: a) Giant Zeeman shifts with the theoretical calculated energy points

using the total free energy approach b) Angle 6 of the total magnetic moment as

function of the magnetic field for the L; component c) Magnetic moment intensity
as function of the magnetic field

We can extract some interesting informations concerning the flipping of the total
magnetic moment, by calculating the angle 6 of the total magnetic moment and its
amplitude using the total free energy. From the calculation shown in Figure 4.22, we
know that we can turn the magnetic moment for high values of the magnetic field.
We can see the flipping of the magnetic moment quantization axis in Figure 4.24b
where the angle 0 is traced as function of the applied magnetic field. For the data at
8K the flipping is around 1.8T (Figure 4.24b): the quantization axis of the magnetic
moment turns from the x axis to the z axis "jumping” on the heavy hole state. The
jump on the light hole state (black arrow), with the spin projection along the z axis,
is expected to be around 2.4T (B, = B?/%).

This behaviour is confirmed also by the intensity of the magnetic moment as a func-
tion of applied magnetic field (see Figure 4.24c). After having reached the critical
magnetic field value needed to rotate the magnetic moment along the z direction,

we have a transition onto the heavy hole state. As expected, for high magnetic field,
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the magnetic moment intensity, follows a heavy hole Brillouin function with (]\7[ ) ori-

ented along the z direction.

4.4.2 Consistency with streak camera measurements

In the previous Section, we showed how to analyze the magneto-optical measure-
ments of Section 4.2.4, by taking into account the Magnetic Polaron formation. To
fit the data, we use the value of the Magnetic Polaron energy Ep at 5K, determined
by the time resolved photoluminescence data of Section 4.2.3.3. In this Section we
check the consistency with the streak camera measurements performed at the two
other temperatures (28K and 46K). By using the same fitting parameters (see table
4.6) we calculate the photoluminescence spectra of MP1 as function of the tempera-
ture and hence we determine the Magnetic Polaron energies of the system respect to

the known energy position Ey, see Figure 4.26a.

O Experiment
Free energy calculation
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Magnetic Polaron energy (meV)
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FIGURE 4.26: Magnetic Polaron energy fitted by the total free energy calculation

Figure 4.26 shows that the expected Magnetic Polaron energies, for the temperatures
studied by the time resolved measurements, are in agreement with the correspond-
ing expected value (except the data taken at 28K that it enters hardly on the fit). We
think however that this treatment describes very well the data because we didn’t con-
sider the experimental error on the measured temperatures.

Moreover we can see that the total free energy approach, which is valid from low
temperature (5K) up to high temperature (100K in our case), describes better the
experimental data than the Mean Field Approximation (see Figure 4.26). The MFA
approach succeeds in modeling the data at 5K, as expected, but it is not accurate at

high temperature (starting from T=20K).
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4.4.3 Consistency with the temperature measurements

In the previous Section we show the good agreement between the theoretical model,
based on the total free energy approach, and the time resolved photoluminescence
measurements.

In this Section we check the consistency between the theoretical model and the tem-
perature dependent photoluminescence data. We calculate the expected photolu-
minescence spectra, at different temperatures, using equation 4.23 and keeping the

same fitting parameters (see Table 4.6). In Figure 4.27 we trace the results of the cal-

culation.
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FIGURE 4.27: a) Experimental temperature evolution of the exciton line L; of MP1

b) Calculated temperature evolution of the excitonic line L, of MP1 c) Superimpo-

sition of the experimental micro-PL position and the total free energy fit taking into

account the variation of the hole confinement d) Variation of the hole confinement
as function of the temperature

Figure 4.27a shows the experimental spectra taken at different temperatures while in

Figure 4.27b there are the calculated spectra for exciton line L,. Figure 4.27c presents
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the plot of the photoluminescence experimental energy points with the theoretical
fit as function of the temperature. To be able to fit the experimental data, we have to
consider a slightly variation of the hole confinement which is plotted, as a function
of the temperature in Figure 4.27d.

By using the total free energy approach, it is possible to explain the behaviour of
the photoluminescence line as function of the temperature. In Figure 4.27c we fit
the theoretical energy position extracted from Figure 4.27b. The photoluminescence

energy position is given by:

Epr(T) = E5;7(T) + Ep(T) + Econ(T) (4.32)

Where Ep(T) is the energy of the Magnetic Polaron as function of the temperature
that has been presented in Section 4.4.2. E I%CLZP (T) is the (Cd,Mn)Te bandgap variation
without the presence of a Magnetic Polaron order and E¢,,¢(T) is the confinement
energy of the (Cd,Mn)Te quantum dot. We considered for the expression of Ef;zp (7)

the following equation taken from [87, 88]:

e) 2T\?
EﬁzP(T)::Eb_.g%;B ,/14.(6;_) 1] (4.33)
P

Where the parameter @ = S(co) represents the magnitude of the slope for T — oo:

dES*P(T)
S(1) =~

exponent p is related to the ratio of the first £ and second Ae moment of the phonon

and Op is connected to the average phonon energy: ©p = %. The

dispersion by the following approximated relation:

- (4.34)
p>-1

Ae 1
&
It has been shown in [17, 89], that expression 4.33 models in a more accurate way
the experimental data in the low-temperature region compare to the common used
Varshni empirical formula [90]. To be able to reproduce the experimental points of
Figure 4.27c, we had to use the following parameters (shown in Table 4.7) to model

the (Cd,Mn)Te bandgap variation using equation 4.33:

To have reasonable fitting parameters for the bandgap variation of MP1, comparable

with what has been observed for CdTe/ZnTe nanowire in [17] (see the table) we had
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TABLE 4.7: Comparison between the fitting parameters of MP1 and the ones of CdTe
quantum dots inserted in ZnTe nanowires

MP1 Ep=1596meV | a=0.25 | ©,=45 | p=2.415
CdTe/ZnTe | Ep =1925meV | «a =035 | ©, =134 | p=2.415

to take a not constant energy confinement (equation 4.32) shown in Figure 4.27d. A
very small variation of the exciton confinement energy (few percents) is required to
model the behaviour in temperature. The hole wavefunction may be still partially de-
localized (the decay time is still big 640ps compared to the one of a Type 1 quantum
dot 100ps-300ps) and could slightly change as function of the temperature.

4.4.4 Complementary considerations on the fitting parameters

We show in Section 4.4 that it is possible to use the same set of parameters, table 4.6,
to model all the photoluminescence studies done on MP1. In this Section we show
that the "Exchange Box Model” is a model oversimplified: it fails in fact to describe
correctly the experimental values.

In Chapter 2, Section 2.1.1.1, we show that by using the EDX images we can deter-
mine the quantum dot dimensions. It is possible then, to calculate the quantum dot

volume that, for an ellipsoidal quantum dot, is given by:

4 4
Vep = Jrlaxbxc)= 5”(42 x 7.5) = 500nm° (4.35)
Where a=b=4nm and ¢ = 15%:7.5nm. By using the "Exchange Box Model”, we can

compare this volume to the effective one that is given by:

Negr = XerfVED No (4.36)

For MP1, if we use the values for N.rr =59 and x,.rr = 4% (from the EDX measure-

~

ments, Section 2.1.1.1) we find Vggx = 100nm3. This value is of the same order of

EDX
VQ D

doesn’t describe correctly the experimental values: we have to consider the electron

magnitude as but still it is smaller than expected. The "Exchange Box Model”

and hole envelope functions. In Appendix D we will present some approximated
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calculations that, by taking into account simplified envelope functions, succeed to

explain the measured effective volume.
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4.5 Conclusions

In this Chapter we study nanowires containing concentrated (Cd,Mn)Te quantum
dots surrounded by a (Zn,Mg)Te alloy. With these nanowires, we succeed to observe,
for the first time, the formation of exciton Magnetic Polaron in magnetic quantum
dot inserted in a nanowire. The properties of these polarons are very original: at low
magnetic field the ground state is a light hole Magnetic Polaron with a magnetic mo-
ment perpendicular to the nanowire axis (easy plane configuration). This is also the
first time that such a light Magnetic Polaron is reported in diluted magnetic semi-
conductors. Above a critical field of few Tesla, a switch from a light hole Magnetic
Polaron ground state towards a heavy hole one is observed. The magnetic moment

rotates from the radial plane towards the nanowire axis.

The formation of Magnetic Polaron is first revealed qualitatively by a large temper-
ature red shift of the exciton emission energy (almost 5 times larger than the one
observed in Sample 1 in which there is no Mg around the quantum dot). To ex-
tract quantitative values of the Magnetic Polaron energies, we perform streak camera
measurements with a single nanowire (MP1) at different temperatures. To determine
the nature of the hole ground state and to estimate the light hole-heavy hole splitting,
we perform magneto-optical studies with magnetic field applied along the nanowire

axis.

We develop a theoretical model based on the calculation of the total free energy. This
model goes beyond the Mean Field Approximation and it is valid in the whole exper-
imental temperature range. It extends the one done for isotropic donors: it is based
on exciton, it takes into account the hole anisotropy and it uses an expression of the
free energy valid up to large magnetic field. To our knowledge, this is the first time
that such extension was done and used to fit various experimental data recorded on
the same nanowire. With this model we succeed to fit all the experimental data with

the same set of parameters

We recall the MP1 Magnetic Polaron parameters in the following table.

TABLE 4.8: Magnetic Polaron parameters at 5K

Ell)h = 13meV Eﬁh =23.6meV | 7,=90ps | Tx=640ps

The insertion of Mg all around the quantum dot helps to better confine the hole in

the dot: the measured decay time 7 x=640ps is in fact smaller than the decay time
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measured in the nanowires of Sample 1 (see Chapter 2 and 3). The stronger hole
confinement led to a stronger Magnetic Polaron state compared to Sample 1 (see
Section 4.2.2). The small Magnetic Polaron formation time 7 ;/=90ps compared to the
exciton lifetime ensures that the Magnetic Polaron formation has the time to take

place.

At 5K, the energy of the light hole Magnetic Polaron formed in a dot with a Mn con-
centration about 10% is 13meV. To compare the stability of this Magnetic Polaron
with the one reported in self quantum dots [12, 35], we calculate the expected energy
for a heavy hole Magnetic Polaron (E ?h:23.6meV at 5K). The following table summa-

rizes the comparison.

TABLE 4.9: Comparison with self assembled quantum dots

MP1 EN'=23.6meV (T=5K) | 7,=90ps | 7x=640ps | Mn=10%
[12] EP'=13meV (T=8K) | 7,=110ps | Tx=220ps | Mn=20%
[35] (Sample 1) | E#"'=25.4meV (T=7K) | 77=0.35ns | 7x=17.2ns | Mn=52%
[35] (Sample 3) | E/'=34.4meV (T=7K) | 7,=0.48ns | 71x=7ns | Mn=52%

The Magnetic Polaron energy Ej" is larger than the value reported in [12] with less
concentrated quantum dots. Moreover the sample studied in this PhD is not prob-
ably fully optimized. The hole might be still partially delocalized in the barrier as
suggested by the long exciton decay time. By increasing the hole confinement, we
may obtain larger Magnetic Polaron energies and maybe comparable with the ones
measured in [35] (Note that in our case electron and hole would contribute to the

Magnetic Polaron energy).

A light hole exciton ground state was also observed in the nanowire NW3 of Sample
1. NW3 and MP1 have almost the same Zeeman shifts at saturation (for electrons and
holes) and the same hole anisotropy. By contrast to MP1 (belonging to Sample 2), we
do not observe surprisingly any evidence of Magnetic Polaron formation in NW3. As
shown in Figure 4.28, the Mg around the dot may strongly reduce the delocalization
of the light hole in zero field along the poles of the dot. The moderate value of AE in
MP1 may result either from a quantum aspect ratio 1<%<2 or a partial delocalization
in the barrier. Under large magnetic fields, the light hole is well confined in the dot
for both nanowires due the increase of the valence band offset induced by the giant

Zeeman effect (see Conclusion of Chapter 3).
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MP1

Mg

B[ HH HH

E_=1lmeV E, =44meV |E_=11meV E, =38.5meV
AE = 18meV AE =12meV

FIGURE 4.28: Comparison between Sample 1 (where there is no Magnetic Polaron)
and Sample 2 (where it has been found a strong and stable Magnetic Polaron) after
having add Mg all around the dot

Prospects

Optical measurements have been performed on vertical nanowires located on the
as-grown sample (Sample 2). Further measurements have to be done with isolated
nanowires in order to combine optical and structural studies on the same nanowire
(as we did for NW1 of Sample 1). More magneto-optical experiments have to be done

at different temperatures and with different magnetic field orientation.

The effective exchange volume deduced for the Magnetic Polaron parameters seems
to be smaller than the real volume of the dot indicating a failure of the "Exchange Box
Model” approximation. To account properly for the rather small (Cd,Mn)Te/ZnTe
valence band offset, realistic light hole and heavy hole envelope functions have to be

calculated and incorporated in the free energy model.

From the temperature dependent measurements we saw also that there is a small
variation of the exciton confinement energy with temperature. This effect is not well
understood and has to be confirmed by further studies (decay time measurements

at different temperatures).

Sample 2 has a light hole heavy hole splitting AE of about 12meV. Further studies
have to be done with samples with larger AE (quantum dot with larger aspect ratio
or/and larger Mg concentration around the dot). Investigation of quantum dot with
different aspect ratio has to be done in order to obtain a pure light hole or a pure

heavy hole Magnetic Polaron on demand.
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The experiments have been carried out with quantum dot with a large Mn concen-
tration (close to 10%). A more systematic study of the influence of the Mn concen-
tration has to be performed. We think however that larger Mn concentration will not
increase much the Magnetic Polaron energy (effective Mn concentration close to the

maximum of 4%).






General Conclusions

The aim of this work was to study the formation of Magnetic Polarons in (Cd,Mn)Te
quantum dots inserted in ZnTe nanowires by magneto-optical spectroscopy. This

has required to address different steps:

1. Characterization of ZnTe and of ZnTe/(Zn,Mg)Te core shell nanowires, eval-
uation and modeling of the strain profile, estimation of the light hole heavy
hole splitting in the nanowire core and in the dot; preparation of patterned
substrates and self suspended membranes in order to combine different ex-
perimental techniques (cathodoluminescence, TEM, EDX, magneto-optics) on

single nanowires containing a magnetic quantum dot.

2. Characterization of single nanowire containing a CdTe or (Cd,Mn)Te quantum
dot by SEM and cathodoluminescence; single dot spectroscopy and identifica-
tion of exciton lines. Measurement of the polarized emission diagram in zero
field.

3. Magneto-optical spectroscopy of (Cd,Mn)Te quantum dots; quantitative anal-
ysis of the exciton Giant Zeeman shift in (Cd,Mn)Te quantum dot containing
10% Mn. Determination of the nature of the hole ground state and estimate of

the hole anisotropy.

We checked first the good crystalline quality of our nanowire structures (Chapter 2).
We started with the study of pure ZnTe nanowires: we observed the near band edge
emission by microphotoluminescence and cathodoluminescence experiments [16].
Due to the low emission intensity, we decided to add a (Zn,Mg)Te shell to enhance the
emission properties. We obtained a photoluminescence signal 10* higher compared

to the pure ZnTe nanowires.

221
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The difference in the lattice parameter between the ZnTe core and the (Zn,Mg)Te
outer shell induces elastic strain in the core part leading to a red shift of the emission
energy with a heavy hole exciton fundamental state. To explain quantitatively the
shift induced by strain, we calculate the elastic strain profile in core/shell nanowires
by solving the Lamé-Clapeyron-Navier equation and by taking into account the anisotropy
of elastic constants. We try also to evaluate the elastic strain profile in nanowires
containing a quantum dot. As this problem cannot be solved analytically we con-
sider the simplified case of an ellipsoidal dot inserted in an infinite matrix (the so
called Eshelby inclusion). With the well known solution to this problem, we obtain
an estimate of the expected hole anisotropy AE (heavy hole light hole splitting) in a

quantum dot as a function of its aspect ratio %.

These theoretical values were compared to the experimental ones obtained with (Cd,Mn)Te
quantum dots whose aspect ratio was determined by EDX analysis. We obtain a theo-
retical hole anisotropy of about A E=140 meV with a light hole ground state. To deter-
mine the nature of the hole ground state, we analyze the emission diagram of the ex-
citon line by performing Fourier microscopy (in collaboration with M. Jeannin and G.
Nogues). To our knowledge, it is the first time that this technique is used with quan-
tum dots inserted in nanowires. In the studied sample, the emission and polarization
diagrams reveal unambiguously an emission from a light hole exciton (as expected
from the strain model). We develop a quantitative model taking into account prop-
erly the heavy hole light hole mixing terms and the dielectric environment around
the dot (modeled as a radiating dipole inserted in a finite length tapered nanowire
deposited in an infinitely thick ZnTe buffer). By fitting the magneto-optical results,

we obtain a hole anisotropy parameter of AE=18meV for the studied sample.

To study more directly the hole anisotropy, we performed single dot magneto-optical
spectroscopy with magnetic fields applied perpendicular or parallel to the nanowire
growth axis. Due to the difference of spin properties of heavy holes and light holes,
the nature of the hole ground state and an estimate of the hole anisotropy can be
obtained by fitting the Giant Zeeman shift of the quantum dot exciton line. A mean
field approximation exchange box model with anisotropic quantum dots was used
to fit the experimental data (note that this is an effective model with a hole confined
in the quantum dot). With nanowires containing quantum dots with well resolved
lines (as the one studied both in optics and by EDX), a direct estimate of AE can be
done thanks to the observation of both heavy hole and light hole excitons at high
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TABLE 4.10: Main results on Sample 1

AE E. E,j, (heavy hole) | Egj, (light hole)
NW1 | -5meV | 8.5meV | 24meV -

NW2 | -5meV | 8.5meV | 16.5meV -

NW3 | 18meV | 11meV | 22meV 44meV

temperature. The main results concerning the three nanowires are summarized in
Table 4.10.

One has to mention that we always use an effective model with a hole ground state
]:% quadruplet split into a light hole and a heavy hole doublet. If holes becomes par-
tially delocalized in the barrier, the value of the light hole-heavy hole splitting may
differ significantly from the ones calculated assuming a full confinement in the dot.
In both methods (emission diagram and Zeeman shift), the experimental values of
hole anisotropy are smaller than the theoretical ones estimated from the quantum
dot aspect ratio. Moreover, both light hole and heavy hole ground states can be ob-

served depending on the studied nanowire.

The fit of the exciton Zeeman shifts allows us to estimate also the Zeeman shift at
saturation of the electron (noted Es.) and of the hole (noted E,j;) confined in the
dot. According to the "Exchange Box Model”, Es, and Ej, are given by %Noaxe rf
and %Noﬁxe ff- With quantum dots with 10% Mn, one expects 11meV for electron
and 44meV for holes. As shown in the table, the experimental value for the shift at
saturation of electron (E;,) are closed to the expected values. For the holes, there is
a dispersion in the experimental values. We can conclude that for a light hole state,
the value at saturation is in agreement with the theoretical one, this is the proof of a
better coupling with the Mn atoms. For heavy hole states, the hole Zeeman shifts are
significantly smaller than the expected ones. Such reduced values result probably

from a partial delocalization of the heavy hole states in the barrier.

To better confine the hole inside the quantum dot, we study a second type of samples
containing (Cd,Mn)Te quantum dots surrounded by (Zn,Mg)Te alloys. The incorpo-
ration of Mg increase the valence band offset between the dot (Cd,Mn)Te and the

barrier (Zn,Mg)Te and hence the hole confinement.

With these samples, the formation of Magnetic Polaron is revealed qualitatively by
the non monotonous temperature variation of the quantum dot emission energy.
To retrieve the Magnetic Polaron parameters (formation time and energy) we per-

formed time resolved spectroscopy with a streak camera on a single nanowire. This



Chapter 5. General Conclusions 224

TABLE 4.11: Main results on Sample 2

AE Ese Esp El ERn
MP1 | 12ZmeV | 11meV | 38.5meV | 13meV (T=5K) | 23.6meV (T=5K)

was a particularly challenging experiment with a single (Cd,Mn)Te dot (small count
rate with low power excitation, quantum dot line broadening induced by Mn spin
fluctuations). This is the first time with a magnetic quantum inserted in a nanowire.

We summarize the main characteristic of Magnetic Polarons in Table 4.11.

We are in the presence of a stable Magnetic Polaron with a polaron energy at 6K of

13meV. Its formation time 7 ;=90ps is much smaller than the exciton lifetime 7 ,=640ps.

We complete these experiments with continuous magneto-optical spectroscopy in
order to determine the nature of the hole ground state. We apply a magnetic field
parallel to the nanowire axis, revealing a complex Giant Zeeman shift of the exciton
line. Using the "Exchange Box Model” allows us to fit the exciton Giant Zeeman shift
which reveals the light hole character of the hole confined in the dot. In order to
have a polaron model valid up to high temperatures (typically 50K for the highest
temperature used with the streak camera measurements), we develop a model which
takes into account the magnetic fluctuations using the free energy. To our knowledge,
this is the first time that such models, initially developed with isotropic donors, have

been adapted to anisotropic systems.

To compare our results with the results reported with self assembled quantum dots
or in more recent Type II quantum dots with heavy holes, we extract the heavy hole
Magnetic Polaron energy expected at 5K E gh:23.6me\l This value is higher than the
one reported in Type I self assembled quantum dots [12] and comparable to the more
recent values reported with Type II dots [35]. However, for our system, there is still
room for improvement: the exciton lifetime is still large compared to the one of a
Type I quantum dot, suggesting again a partial hole confinement. We may then in-
crease even more the Magnetic Polaron energy by confining better the hole in the

quantum dot.
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Prospects

The hole confinement is the keypoint which determines the nature and the strength
of the Magnetic Polaron. It is then necessary to perform a calculation that goes be-
yond the exchange box approximation and that takes into account electron and hole
envelope functions. Ab initio calculations of the electronic structure of CdTe quan-
tum dots inserted in ZnTe nanowires are under progress in collaboration with YM
Niquet from CEA Grenoble.

The low heavy hole-light hole splitting estimated in the sample studied so far seems
to suggest that holes are weakly confined in the dot due to a low valence band offset.
A solution to this problem would be to grow additional samples with a higher Mg

content in the (Zn,Mg)Te shell surrounding the quantum dot or with a ZnSe shell.

A Mn concentration around 10% leads to an effective concentration of 4% that is al-
ready very close to the maximum value achievable. We cannot then play too much
with the Mn concentration to have stronger Magnetic Polarons. If holes remain par-
tially delocalized in the barrier, Mn could be added in the (Zn,Mg)Te barrier around
the dot in order to increase the overlap between holes and Mn spins and hence in-
crease the Magnetic Polaron energy. It has been done in a recent experiment based
on ZnTe/(Zn,Mn)Se and (Zn,Mn)Te/ZnSe Type Il self assembled quantum dots [35]
where high Magnetic Polaron energies have been found but the hole confinement
remains to be further investigated. By extending the same idea to nanowires con-
taining quantum dots with different aspect ratio, very stable 0D Magnetic Polarons
with a well controlled anisotropy could be obtained. It may be possible to implement
amagnetic memory device based on a nanowire containing two (Cd,Mn)Te quantum
dots (see Figure 4.29): one with a heavy hole character and the other with a light hole
one. By applying a bias voltage we would control the ferromagnetic phase of the
device while the read out process will be based on the different polarization of the
emitted light.

As shown in this thesis, one way to determine the nature (heavy hole or light hole)
of the hole ground state in a (Cd,Mn)Te quantum dot, is to perform magneto-optical
measurements with magnetic field applied parallel and perpendicular to the quan-
tum dot quantization axis which is parallel to the nanowire growth axis. Micro-PL ex-
periment with a vectorial magnet would be particularly convenient to record exciton

Giant Zeeman effect with both magnetic field orientations for each studied nanowire.
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Concept of a magnetic memory using a nanowire based structure

0] T

(Cd,Mn)Te light hole quantum dot

(Cd,Mn)Te heavy hole quantum dot

FIGURE 4.29: Concept of a magnetic memory based on a double (Cd,Mn)Te quan-
tum dot nanowire

A comparison with the analysis of the emission diagram performed under applied

magnetic field would be also particularly interesting.

In this work, we show that II-VI magnetic nanostructures inserted in ZnTe nanowires
are feasible. ZnTe epilayers grown by molecular epitaxy can be heavily p doped using
nitrogen. Research are presently under progress in the group in order to evaluate
the possibility to dope p type ZnTe nanowires (PhD Marta Orrt). This may opens-up
new possibilities of modulation doped heterostructures ((Cd,Mn)Te quantum dots
with p-type modulation doping resulting in the presence of a permanent hole for

example).



Appendix A

Helmbholtz free energy

To retrieve the magnitude and orientation of the magnetic moment in the presence
of a Magnetic Polaron, we used a free energy approach based on the minimization
of the total free energy of the system. In this Appendix, we show how we can retrieve
the expression of the free energy using the partition function Z.

The probability p; of occupying a state i with energy E; at temperature T is:

pi=—— (A1)

Where Z is the single-particle partition function which is used to normalize the prob-
ability such that:

2pi=1 (A.2)
1

This implies that Z is given by:

z=Y e EilksT (A3)
i
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Now it is possible to define the two quantities that will be used to calculate the ex-

pected value of the energy (E). These are given by:

0z
= — _N g, PE
ap =~ 2te

The expected value of the energy (E) is then:

E;e PEi
B = Ep % Fie 107 dlnz "
= — ipi=———— = ———— = - .
= Z Z 0B op
It is possible also to define the entropy of the system as:
S=—kg)_pilnp; (A.5)
i
Using equation A.1 and A.5 it is possible to rewrite the entropy such as:
-PE; E
S=—kBZeZ [—,BE,-—an]:kBan+% (A.6)
i

For N independent distinguishable particles, the appropriate partition function be-
comes ZV and so the total energy is given by E = N (E).

The first law of thermodynamics can be expressed as:

dE=TdS—pdV —-MdB (A7)



Chapter 5. General Conclusions 229

The Helmholtz free energy F is defined by:

F=E-TS (A.8)

and is related to the partition function Z by:

F=—-NkpTInZ (A.9)

Combining equation A.7 and A.8 we can have:

dF = —-S8dT - pdV — MdB (A.10)

The Helmholtz free energy is a function of F = F(S, p, M), and for example we can
see how to calculate easily the magnetization of the system using the Helmholtz free

energy:

(A.11)






Appendix B

Free energy for a system with total

angular momentum J

In this Appendix we show how to calculate the total free Energy for a general system
defined by a total angular momentum J and how the Brillouin Function is defined.
First we have to write down the partition function Z and after it will be possible to
derive the Helmholtz free Energy F using equation A.9.

The system with total angular momentum J in an external magnetic field B is de-

scribed in Figure B.1.
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FIGURE B.1: A system with total angular momentum J in an external magnetic field
B

There are (2] + 1) states with energy given by:
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ey = gyupBmy (B.1)

Where gj is the Lande g-factor and m;=-J,-(J-1),...,0,...,+(J —1),+J. Let’s take a

new variable y to easily develop the calculation of the partition function:

y=gusBp

With = 1/kpT. We can then calculate the partition function:

J J
7 = Z — e8/HBBA _ Z eV (B.2)
I’ﬂ]Z—] I’)’l]Z—]

From equation B.2 it is possible to rewrite the sum on mj as:

J 2]
Z= Y &M=V ) (B.3)
my=—] my=0

It is possible to expand the exponential and to write:

2J+1)y-1 1 -
=0 ey~1 ey -1

eUr2)y —o=U+3)y  sinh(J+3)y
=— — = (B.4)
e2¥ — e 2Y sinhz

Now that the partition function has been calculated for a general case of a system
with total angular momentum J, we can retrieve the equation for the Helmholtz free

energy using equation A.9:
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F=-NkgTInZ =-NkgT

. 1 .Y
ln(smh (]+ 5) y) - ln(smhg)] (B.5)

Without entering too much into the details of the calculation, now that the Helmholtz
free energy has been defined, we can retrieve the equation for the magnetization of
a general system with total spin J using equation A.11. The magnetization of such a

system is in fact given by:

P
= 81k g, = 81k

1 1 1
(]+ E) coth(]+ z)y—écoth%] =gjusJB;(y) (B.6)

Where the function Bj(y) is the Brillouin function that is given by:

1
B =+

1 1 1 y
(]+§)coth(]+§)y—§coth§] (B.7)






Appendix C

Model to fit the CL profiles

In this Appendix we show how to extract the equation that models the cathodolumi-
nescence profiles, presented in Chapter 2.

The 1D diffusion equation is given by:

d*n(x) _n(x)
dx® L2D

(C.D

where the diffusion length is Lp = v/ D7 and n(x) is the exciton density at the point
x. The parameters are two: D is the diffusion constant and 7 is the lifetime of the
exciton in the nanowire.

When the electron beam excite the point 0, it spreads into two different carrier fluxes

¢g and ¢, towards x > 0 and towards x < 0 respectively. The total flux is given by:

bo =Py + g (C.2)

We can write down the two general solutions of equation C.1 for x >0 and x < 0:

N ~ X L 4 X
n(x)=Ae b +Be p

n (x)= Ce ™o +De'To (C.3)
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We have now to apply the boundary conditions to equation C.3. We start with n™ (x)

and the flux ¢p~ (x) far away from the quantum dot region.

an= (x)
dx

<P_(x)=—D( ) ¢ (x— -00)=0=C=0

The solution n™ (x) will be then given by:

n~(x) = Delp

¢, =—¢ (x=0) = %5 and then the solution for n™ (x) that is given by:

Lpp, =
n_(x) — D—(poeLD

For the solution towards the quantum dot region, n*(x), we have:

pt iy AP0 = b @
n*(xp) =0 (QD is a perfect trap)

We write first n* (xg) = 0 using equation C.3:

. - _X L X0
n (xg) =Ae p +Be p =0

From equation C.8 we can extract the value of B:

2Xx0

B=—-Ae o

The equation C.9 leads to the following expression for n* (x):

(C.4)

(C.5)

(C.6)

(C.7)

(C.8)

(C.9
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x 2xp  x

nt(x)=A|e o —e Ineln (C.10)

By the substitution of equation C.10 in equation C.7 we retrieve the expression of ¢ :

2y

—l—e_LD] (C.11)

=0 r=0=-—-}
D

By substituting it in the expression of n*(x) we get the real solution of the problem

for x > 0:

n*(x) = Lppg Sinh(x%_;x)
P comz)

(C.12)

To have the final expression of the diffusion inside the quantum dot, we have to con-
nect the two different solutions n~(0) and n*(0) in the excitation point 0. We will

have then:

LD(P(J; sinh(f—oj _ Loy

D cosh( ) D

=)

nt(0)=n (0=

(C.13)

h
Sl

$g + by = Po

We can then retrieve the equation for ¢F from the previous equation that is given by:

by = c/)oe_%cosh(z_o) (C.14)
D

We can then substitute equation C.14 in equation C.12 leading to the final expression:

(C.15)

L _ X0 -
nt(x)= DT%e Lp sinh(x0 x)

Lp
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As we have calculated n*(x) we can retrieve the flux at the level of the quantum dot
x = xp that will be proportional (equal in the case of purely radiative recombination

processes) to the number of the emitted photons. The flux is given by:

dnt(x)) _Ixql
poo= o)
X=X0

P = ppe b (C.16)

To fit the cathodoluminescence profile we have added a trapping region to the dif-
fusion solution, equation C.16, that simulates the size of the quantum dot or more
precisely the recombination region that is linked to the chemical potential of the

quantum dot (2x; in Figure 2.23a). The diffusion solution will be then given by:

—lxg—x¢l
Iop(x) = (ppe "base X< —X;

—lxp—x¢l
Iop(x) = ¢poe *ov x> X; (C.17)
Iop(x) =¢o X <|x|<x;

In the presented treatment we have supposed a point-like electron beam excitation.
In the conditions used to acquire the cathodoluminescence, the electron beam has
not an infinitely small size. We have calculated then, using a Monte-Carlo simulation
software [91] the dimension of the electron beam at the measurement conditions
looking at the electron dispersion given by the backscattering processes. The CdTe
quantum dot has been considered as a 10nmx 10nm cube inserted in a 100nm thick
matrix of ZnTe. We found a dimension of the electron beam (FWHM) between 80nm

and 100nm. We then model the beam spot with a Gaussian function defined by:

X,

=1}

Gveam(Xo) = ﬂ e

V2no

|

(C.18)

To fit the CL signal, we used then the following convolution equation:

Iop(xo) = f 10D (X)Ppeam (X0 — X)dx (C.19)



Appendix D

Complementary considerations on the

”Exchange Box Model”

In this Appendix, we discuss the validity of the "Exchange Box Model”. We show that,
without taking into account the electron and hole envelope functions, this model
fails to explain the experimental values. The calculations that we are going to present
are very preliminary and far to be the final one.

In Chapter 2, Section 2.1.1.1, we show that by using the EDX images we can deter-
mine the quantum dot dimensions. It is possible then, to calculate the quantum dot

volume that, for an ellipsoidal quantum dot, is given by:

4 4
Vap X = Sm@xbxc) = -n(@® x7.5) 2500nm’ (D.1)

15nm _
= =

next Section we recall how it could be linked to the effective number of Mn spins by

Where a=b=4nm and ¢ = 7.5nm. This is the quantum dot real volume: in the

using the "Exchange Box Model”.

D.1 Number of spins

We showed that the common approximation used, to model the sp-d exchange inter-
actions between excitons and Mn atoms is the "Exchange Box Model”, as explained

in Chapter 1. The quantum dot is assumed to be a box with Mn moments distributed
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homogeneously inside it. By using this model, we can define an effective number of

spins that are participating to the sp-d exchange interaction by:

Negr = XerfVED No (D.2)

We can observe that by the definition D.2, we can also define an exchange box vol-

Nery

ume given by: Vé’gx = Sor N

Here x.fr is the effective Mn concentration and N
is the cation density (Np = 15% (see Chapter 1). For MP1, if we use the values
for Negr =59 and xerr = 4% (from the EDX measurements, Section 2.1.1.1) we find
Vagr=100nm®.

This value is of the same order of magnitude as VQEg X but still it is smaller than ex-
pected.

The "Exchange Box Model” supposes a constant hole wavefunction inside the quan-
tum dot and then a uniform overlap between the hole wavefunction and Mn atoms.
We showed, from the EDX images (Section 2.1.1.1), that the Mn atoms are reasonably
homogeneously distributed inside the (Cd,Mn)Te region: the only way to explain the
significant discrepancy between the physical quantum dot volume and the theoret-

ical one is to suppose a delocalized hole wavefunction. This has been suggested by

the long decay time of MP1 (shorter compare to sample 1) that is equal to 640ps.

D.2 Influence of the envelope functions

We can try to use a more sophisticated model, that takes into account the electron-
hole envelope functions.
We showed (in the "Exchange Box Model” approximation, see Chapter 1) that it is

possible to define, the Magnetic Polaron energy for a heavy hole exciton by:

phh — (S+1)(Ese + Esh)2

D.3
P 12k T NefrS (D-3)

If now we take into account the envelope functions for electron and hole, by consid-

ering a MFA, we can show that we get (see [17]):
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——

pin_ (S+ 1) (Ege+ Egp)? [“Zq)ﬁ + B + Zalﬁlwewi]
L —~ —~12
ISkt | g2+ 18193 ]

(D.4)

Where cﬁ? = [d3Fp(F) | () " and(;’z = [d3F p(F) | n(F) I" andm = [d3Fp(P) |
Pe(7) 121 @p(F) 2.

We can define the effective number of Mn spins coupled to the exciton by imposing
the consistency with the expression of the Magnetic Polaron energy found from the

"Exchange Box Model” (equation D.4 and equation D.3) as:

[a&%ﬂﬁ@]g

@} + Bl + 201 Blo3e

Neff = [ (D.5)

If we assume a constant Mn spin concentration in the quantum dot o(F) = NoX,fr
we can define an exchange volume Vé’f)‘: by using Ny = Ny V(%C Xefr where Vé”’g is

given by:

S (|

QD = = —
[a2<p3+ﬁ2¢;‘1+2alﬁl<ﬂ3<pi]

(D.6)

with o = [d37 | pe(F) " and @7 = [ d°7 | g(7) |" and

G207 = [ 7 1 9o Pl g1 () .

Unfortunately the evaluation of D.6 is not easy: we don’t know in fact the envelop
functions of electron and hole. In the next Section we will show how to fix some
limits on the electron-hole presence probabilities using the Giant Zeeman shift and

the physical quantum dot volume.
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D.3 Presence probabilities inside the quantum dot

We can define two limits to determine a range for the values of | ¢, (7) |2 and | @n(7) 2.
The first constraint is deduced from the Giant Zeeman shifts. The energy shift, at

saturation, ESXM of the Giant Zeeman effect is in fact given by (see Chapter 1):

Ege+ Egp = EJy; = NoXeps |a@a+] B @3 | = 55meV (D.7)

We can compare the value of equation D.7 with the one expected from the "Exchange
Box Model”:

2 2
g |awi 1Bl

P, = = =0.9 (D.8)
Ebox [a+1B1]
The second constraint is on the effective volume:
- 512
ves 1 |ag?+1107) .
2= EDX — " T {EDX ]| ., = — :
Vap Vop" [a2pl+ B+ 2a1loZe?]

The exchange sp-d volume has to be equal to the physical one if we consider a ho-
mogeneous Mn distribution in the quantum dot region, as confirmed by the EDX

measurements described in Chapter 2.

D.4 Examples of some possible presence probabilities

configurations

We tried then to determine some possible "configurations” concerning the electron-
hole envelope functions. We assumed that the electron-hole wavefunctions have
cylindrical symmetry (we considered an infinite long quantum dot) and they could

be written as the product of two different wavefunctions:
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Pe=Pe(D)Pe(2) (D.10)
©n=Pr(P)n(2) (D.11)

Where p is the radial part and Z is along the nanowire axis.
For the electron wavefunction, we used Bessel function for the radial part and the

solution for an infinite potential for the z direction:

xl,op) cos (E)

o= Ac| -

(D.12)

We supposed in all the cases an electron perfectly confined inside the quantum dot.
For ¢}, instead we considered the product of two different Gaussian test functions,

for the radial part and along the nanowire axis:

~(p-p)® _,2

Qn=Ape 20p g% (D.13)

The fitting parameters are then pg, 0, 0, where po defines the hole delocalization in
the barrier.

We will present now two possible cases where the two constraints are satisfied.

D.4.1 Casel

For the first case we assumed that the two wavefunctions are centered in the same

place po = 0 (center of the dot) and the result is shown in Figure D.1.

| P120.9 | P,20.85 | 0,=1.8nm | 0, =1.5nm |

We can see, from the table, that the two limits P; and P, are satisfied.
For this case the hole presence probability in the quantum dot is very high and equal
to &, = 98%. This is the ideal case: we have a hole wavefunction completely con-

fined leading to a Type 1 quantum dot.
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FIGURE D.1: Electron-hole wavefunctions

We know, from the time resolved photoluminescence experiments, that due to the
long exciton lifetime (640ps for MP1), we are in the presence of a more Type II quan-
tum dot. In the next Section, we will consider another case with a more delocalized

hole wavefunction.

D.4.2 Case?2

For the second case, we have considered a hole wavefunction delocalized with pp=3.48nm.
Also for this case we have found that the two constraints are satisfied, the results are

traced in Figure D.2.

Electron wavefunction - Hole wavefunction
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|
|
!
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|
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|
|

0.5 1

FIGURE D.2: Electron-hole wavefunctions
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P1=09 | P,=0.85 | 0,=04nm | 0, =1.5nm |

In this case, for a hole partially delocalized in the barrier, we had to consider a more
peaked hole wavefunction to satisfy the two limits defined by P; and P.

For this second case the hole wavefunction presence probability is &7, = 88%. We
have then a partially delocalized hole wavefunction that could lead to a more Type II
structure and explain the high exciton lifetime that has been found.

If we consider what we presented in Chapter 2, Section 2.2, we see that due to the
strain, we have a very strong trapping potential at the (Cd,Mn)Te/ZnTe barrier lead-
ing to non diagonal terms in the hole Bir-Pikus Hamiltonian. This potential could

trap the hole leading to a situation similar to this calculated "Case 2”.
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