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Part 1

Spins in II-VI quantum dots






General introduction

The ability to control individual spins in semiconductors nanostructures is an im-
portant issue for spintronics and quantum information processing. It is a key but
very challenging step for any spin-based solid-state quantum computing device.
In the last ten years, efficient optical techniques have been developed to control
the spin of individual carriers [123] or ensemble of nuclei [85, 64] in semiconductor
quantum dots (QDs). Thanks to the increase of purity of semiconductor materi-
als, the study of one single dopant spin also became possible. For example, the
nitrogen-vacancy centers in diamond [82], or a single phosphorous dopant in a
nano-FET [71] are possible ways to study single dopant spin properties. These ex-
amples may be viewed as the initial demonstrations of model single spin devices,
which requires considerable additional fundamental study.

The desirable features of single dopants, such as reproducible quantized proper-
ties, make them ideal objects for further scientific study and robust applications.
However, it is still a challenge to control single dopants because their proper-
ties strongly depend on their local environment (strain, electronic, magnetic and
optical fields). Nevertheless, single atom quantum devices, i.e., systems whose
macroscopic properties depend on the quantum state of a single atom, have been
demonstrated in several systems [75]. These systems permit to test matter at a
fundamental scale and, in some instances, already have practical applications like
room temperature magnetometry with nanometer resolution [102]. A controlled
upscale of these primary units would permit to test new physical phenomena and
to find new applications. In this regard, the study of chains of a few magnetic
atoms deposited on a metal is already giving promising results along this line [94].
We will discuss here possible progress in that direction in the case of magnetic
atoms (Mn) in semiconductor QDs.

Thanks to their expected long spin coherence time, Mn atoms in a semicon-
ductor host could be an alternative media to store quantum information in the
solid state. However, in bulk material, as these localized spins interact weakly
with their environment, individual Mn cannot be probed or controlled by electri-
cal or optical methods and only collective phenomena were observed. Recently,
QDs containing individual Mn atoms have been observed both in II-VI [11] and
III-V [81] compounds. In these systems, since the confined carriers and Mn wave-
functions become strongly mixed (see Fig 0.1), the optical excitation of the QD
strongly affects the spin state of the Mn atom through the exchange interaction
offering a possibility of full optical control [127]. Despite the structural similarity

3
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Figure 0.1 Low temperature (5K) photoluminescence at zero magnetic
field of a CdTe/ZnTe (a) and an InAs/GaAs (b) (from reference [81])
quantum dot containing an individual Mn atom.

of II-VI and III-V magnetic QDs (an individual Mn atom in a self-assembled
quantum dot) the spin properties of these systems are quite different. In a II-VI
compound the magnetic impurity is an isoelectronic center in a 3d° configuration
with spin S=5/2. The QD photoluminescence reflects the Mn spin state when the
exciton recombines (Fig 0.1(a)). Mn in a ITI-V matrix is a deep acceptor and the
dominant center is the neutral acceptor A°. It corresponds to the 3d°+h config-
uration where h is a hole bound to the Mn ion. The ground state of this hybrid
spin system has a total spin J=1 (Fig 0.1(b)) [79] and its dynamics is likely to
be affected by the hole component [6]. In this manuscript, we will focus on the
II-VI system giving access to the intrinsic properties of the Mn atom in ist host
semiconductor matrix.

II-VI diluted magnetic semiconductor quantum dots

Carrier-Mn coupling was initially studied in bulk diluted magnetic semiconduc-
tor (DMS) made of II-VI semiconductors in which Mn impurities was introduced
[52, 53]. In these materials, Mn impurities substitute the cations from column
IT (Zn, Cd or Hg) up to 100%. If not interacting, these localized spins follow
Maxwell-Boltzmann statistics, resulting in a magnetization induced by an applied
field given by a Brillouin function. Optical spectroscopy around the bandgap of
DMS reveals the so-called ”giant Zeeman effect”, with a spin splitting propor-
tional to the Mn magnetization [54]. Several studies have demonstrated this pro-
portionality and measured the strength of the coupling [143]. Magneto-optical
spectroscopy is now a very sensitive method for measuring locally the magneti-
zation of the Mn system [17]. Altogether, this excellent knowledge of II-VI DMS,
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and of the coupling between the localized spins and carriers, constitutes a very
firm basis for the studies of individual Mn spins described in this manuscript.

In a magnetic QD, the exchange interaction takes place with a single carrier
or a single electron-hole pair. However, besides effects related to the carriers-Mn
exchange interaction, it was found that even a small content of Mn introduced in
a II-VI semiconductor material can strongly suppress photoluminescence if the
energy gap exceeds the energy of the Mn internal transition. This strongly limits
the study of individual DMS QDs [28]. The first studies of individual QDs doped
with Mn atoms were reported by Maksimov et al [99]. They studied CdMnTe
QDs inserted in CdMgTe barriers in which the optical transition energies are
lower than the energy of the internal transition of the Mn atom. This system
allowed observing the formation of quasi zero-dimensional magnetic polaron.

Another way to reduce the non-radiative losses was to introduce the magnetic
atoms in the QDs barriers. This was realized for large self-assembled CdSe dots
embedded in ZnMnSe barriers by Seufert et al. [130]. In this system, the interac-
tion between the confined exciton and the magnetic atoms is due to the spread of
the wave function in the barriers and to a small diffusion of the magnetic atoms
in the QDs. In these structures, the formation of a ferromagnetically aligned spin
complex was demonstrated to be surprisingly stable as compared to bulk mag-
netic polaron [96, 152] even at elevated temperature and high magnetic fields. The
photoluminescence of a single electron-hole pair confined in one magnetic QD,
which sensitively depends on the alignment of the magnetic atoms spins, allowed
to measure the statistical fluctuations of the magnetization on the nanometer
scale. Quantitative access to statistical magnetic fluctuations was obtained by
analyzing the linewidth broadening of the single dot emission. This all optical
technique allowed to address a magnetic moment of about 100 pg and to resolve
changes in the order of a few pp [5, 37, 67]. We will show here how self-assembled
CdTe/ZnTe QDs can be used to optically probe an control individual Mn atoms.

A large effort has also been done to incorporate magnetic ions in chemically
synthesized II-VI nanocrystals [116]. The incorporation of the magnetic atoms
is strongly dependent on the growth conditions and controlled by the adsorp-
tion of atoms on the nanocrystal surface [43]. The doping of nanocrystals with
magnetic impurities also leads to interesting magneto-optical properties [14] but
once again, in these highly confined systems, the transfer of confined carriers to
the Mn internal levels strongly reduces their quantum efficiency and prevents
the optical study of individual Mn-doped nanocrystals. However, by looking to
magnetic circular dichroism absorption spectra, it is possible to observe a giant
excitonic Zeeman splitting and to deduce directly the strength of the exchange
interaction [3]. Recently, a very robust light induced spontaneous spin polariza-
tion [8] was also obtained in large CdSe nanocrystals containing a few percent of
Mn and emitting at lower energy than the internal transition of the Mn. Further
development of such structure could lead to the observation of individual Mn
spins at much higher temperature than self-assembled QDs.
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Carriers and nuclear spins in II-VI semiconductor quantum dots

Individual electron spins in QDs are a promising system for quantum comput-
ing due to the suppression of some spin relaxation channels by the confinement.
However, in the commonly studied III-V semiconductor QDs in the absence of
external magnetic field, the hyperfine interaction of the electron with the fluctu-
ating nuclear spins governs the time scale on which an electron spin can be stored.
Continuous pumping of electrons can generate through hyperfine mediated spin
flip-flop a dynamical nuclear polarization [42]. It has been proposed that a full
polarization of the nuclei could cancel the decoherence of the electron induced by
the fluctuating hyperfine field. Efficient optical coherent control protocols have
been implemented on individual electron spins but the complexe dynamics of the
coupled electron-nuclei system is a real limit to the practical use of III-V QDs
in a quantum computing scheme [83]. A hole spin interacts much weakly with
the nuclear spin bath [138], and recent optical coherent control experiments show
that the nuclear spin feedback on the hole spin coherent dynamics is suppressed
[33]. However, hole spin relaxation is still affected by nuclear spin fluctuations and
additional channels of spin relaxation appears when increasing the temperature
[51].

Alternatively, nuclear spins could be suppressed completely by using for in-
stance QDs based on isotopically purified II-VI materials since Zn, Cd, Mg, Se
and Te all have dominant isotopes without nuclear spins. As highlighted in refer-
ence [45] and [2], the interaction between a confined electron in a II-VI QD and
the low density of nuclear spins I=1/2 in a QD volume ten times smaller than
InAs/GaAs QDs can lead to some spin dynamics which is fundamentally different
from the one observed in III-V systems. Due to the small QD size and low density
of nuclear spins, the electron-nuclei dynamics in II-VI QDs is ruled by a large
Knight field and significant nuclear spin fluctuations despite a small Overhauser
field. Consequently, the nuclei-induced spin decoherence of the electron is also
an issue in II-VI QDs. However, the built-up of a nuclear spin polarisation at
B=0T, can be much faster than the relaxation induced by the dipole interaction
between nuclear spins allowing the creation of a strong non-equilibrium nuclear
spin polarisation [45]. Under these conditions, decoherence of the electron should
be efficiently suppressed. Experimental study of the electron-nuclear dynamics in
II-VI QDs are few. We will provide here a summary of experimental studies of
this system at a single dot level and compare it with the commonly studied ITI-V
QDs.

Outline of the manuscript

This manuscript is organized as follows: In Part One, the main properties of Mn-
doped and singly charged II-VI QDs are presented. In chapter 1 we will describe
their energy level structure. We will then analyze in detail the influence of the
QD symmetry and of the valence band mixing on the spin structure of QDs
containing an individual carrier and one or two Mn atoms. We will finally show
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how the tuning of the charge state of a QD can be used to control the magnetic
properties of a Mn atom.

In chapter 2, we will focus on the spin dynamics of these few interacting spins.
We will first analyse the dynamics of coupled electron and diluted nuclear spins
in these II-VI QDs. We will, in particular, show that the electron spin dephasing
by the low density of fluctuating nuclear spins is efficiently suppressed at zero
field by a dynamic nuclear spin polarization. We will then focus on the dynamics
of coupled carriers and Mn spins. We will first show how the injection of spin
polarized carriers can be used to prepare by optical pumping the spin state of one
or two Mn atoms. We will then discuss the mechanism controlling the efficiency
and the dynamics of this optical pumping. We will finally show how the strong
coupling between a laser field and the optical transitions of a Mn-doped QD can
be used to optically tune the energy of any spin state of a Mn atom.

Part Two (Chapter 3) is devoted to the presentation of ongoing work and
perspectives on the coherent dynamics of interacting electron, nuclei and Mn
spins in II-VI semiconductor QDs. We will, for instance, discuss the possibility
of using the strong coupling with a resonant laser field to control the coherent
dynamics of coupled electronic and nuclear spins of a Mn atom.



1

Mn doped and singly charged II-VI
semiconductor quantum dots

We will present in this chapter the energy levels structure and optical properties
of neutral, singly charged or Mn doped CdTe/ZnTe quantum dots (QDs). After
a description of the sample growth we will discuss the influence of valence band
mixing on the spin properties of neutral and charged QDs. We will then analyze
in detail the exchange interaction between confined carriers and Mn atoms in a
QD in under to describe the emission properties of singly and two Mn doped
QDs. We will finally show how the tuning of the charge state of a QD can be
used to control the magnetic properties of an individual Mn atom.

1.1 Spin structure of CdTe/ZnTe quantum dots
1.1.1 Quantum dots structure

Self-assembled semiconductor QDs can be manufactured by epitaxial growth
methods, such as molecular beam epitaxy (MBE). To obtain epitaxial QDs, one
grows a thin layer of one semiconductor on top of an other semiconductor (with
a higher bandgap), to which it is not lattice-matched. As a result of the strain
small islands are formed on top of a two-dimensional wetting layer (Stranski-
Krastanow growth mode). The islands are overgrown subsequently by a layer of
the high bandgap material, leading to a formation of buried QDs which confine
carriers in all three directions. The quantum confinement is stronger in the growth
direction (1-10 nm) than in the lateral direction (10-50 nm).

The samples used in all the studies presented in this manuscript are CdTe
strained induced self-assembled QDs. They are all grown on ZnTe [001] substrates.
A 6.5- monolayer-thick CdTe layer is deposited by atomic layer epitaxy on a ZnTe
barrier grown by molecular beam epitaxy. The dots are formed by a Tellurium
deposition/desorption process [140, 148] and protected by a 100-nm-thick ZnTe
top barrier. The height of the QDs core is of few nanometers and their diameter
is in the 10 to 20 nm range (Fig. 1.1). Single Mn atoms can be introduced in
CdTe/ZnTe QDs during their growth adjusting the density of Mn atoms to be
roughly equal to the density of QDs. Non-magnetic QDs and QDs containing
a low number of magnetic atoms (1, 2, 3 Mn, ...) are then formed [97] . In

I Single Mn doped quantum dots where first observed in sample designed for injection of spin
polarized carriers from a DMS layer 10 monolayer below the QD plane. Diffusion of Mn atoms
during the growth of the spacer layer leads to a low density of Mn atoms in the QD layer.

8



1.1 Spin structure of CdTe/ZnTe quantum dots 9

negatively charged samples used for the study of electron-nuclei spin dynamics,
a 20 nm thick Al doped ZnTe layer is introduced 30 nm above the QDs.

Figure 1.1 (a) AFM image (250nm x 250nm) of CdTe/ZnTe QDs before
capping. The QD density is estimated to ~ 3.10°cm=2. (b) TEM image of a
CdTe/ZnTe QD.

Optical addressing of individual QDs containing a single carrier or Mn atoms is
achieved using micro-spectroscopy techniques. In most of our experiments, a high
refractive index hemispherical solid immersion lens is mounted on the bare surface
of the sample to enhance the spatial resolution and the collection efficiency of
single-dot emission in a low-temperature (7' = 5K) scanning optical microscope.
Despite the quite large QD density (=~ 10'%cm~2) and the large number of dots
in the focal spot area, single QD transitions can be identified by their spectral
signatures.

The low temperature photoluminescence (PL) of three QDs containing 0, 1, or
2 Mn atoms and a variable number of carriers are presented in Fig. 1.2. The dif-
ferent excitonic complexes observed in this spectrum (exciton, negatively charged
excitons, biexciton) will be used to analyze the interaction between individual car-
riers and magnetic atoms and to access the spin dynamics of a resident electron
coupled to a nuclear spin bath or an individual Mn spin coupled to its nuclear
spin. We will first discuss the properties of neutral an singly charged QDs (top
panel of Fig. 1.2) before describing in detail the spin structure of magnetic QDs.

1.1.2 Singly charged quantum dots

Charge tunable quantum dots

Non-intentionally doped CdTe/ZnTe QDs are p-type modulation doped by the
transfer of holes from the p-doped ZnTe substrate and from surface states that act
as acceptors [103, 15]. The occupation of the QDs by holes can be controlled by
an external bias voltage V on an aluminium Schottky gate with respect to a back
contact on the substrate. The bias dependent emission of a non-magnetic QD is
presented in Fig. 1.3. For increasing V, the surface level states are shifted below
the ground hole level in the QDs which results in the single hole charging. The
optically generated excitons then form charged excitons with the bias induced
extra hole in the QD. At zero bias or negative bias, the Fermi level is above
the ground state and the QDs are likely to be neutral. However, the separated
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Figure 1.2 Low temperature (5K) PL spectra of CdTe/ZnTe QDs
containing 0, 1, or 2 Mn atoms. All the spectra are obtain under resonant
excitation on an excited state of the dots.

capture of photo-created electron or holes can sometimes charge the dots so that
weak contributions of X or X~ are observed in the zero bias spectra.

At zero bias, excess electrons can also be injected in the QD using resonant
optical excitation into the excited levels. Under resonant excitation (energy below
the band gap of the barriers), optical transitions from delocalized valence band
states to the confined electron levels will preferentially create electrons in the
QD [146]: the probability to find an excess electron in the QD is increased. As
presented in Fig. 1.3(b), the negatively charged exciton emission is then seen for
some discrete excitation energies. After the recombination of the charged exciton
X~, a single hole is likely to be captured to neutralize the QD and create a
neutral exciton. This neutralization process is responsible for the simultaneous
observation of charged and neutral species under resonant excitation.

Using this dynamic charging, the charge state of these dots can be optically
tuned (Fig. 1.3(b)) to analyze the emission of non-magnetic or magnetic charged
QDs. By combining a weak non-resonant excitation with the resonant one, a few
carriers are created in the ZnTe barrier. They do not significantly contribute to
the PL (lower PL spectra in Fig. 1.3(b)) but reduce the contribution of X~ in
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Figure 1.3 (a) Color-scale plot of the PL intensity of a QD in a Schottky
structure as a function of emission energy and bias voltage. The emission
lines can be assigned to the recombination of the neutral exciton (X),
biexciton (X3), positively charged exciton (X1) and negatively charged
exciton (X7). (b) Detail of the PL of a single QD under resonant excitation
(Aez=581.5nm), non-resonant excitation (A.z=>514.5nm) and both resonant
and non-resonant excitation.

favor of the neutral species. This evolution is characteristic of a photo-depletion
mechanism in modulation doped QDs [66]. High energy photoexcited e-h pairs
are dissociated in the space charge region surrounding the negatively charged
QDs and neutralize the QDs.

Polarized fine structure of the charged exciton triplet in n-doped samples

To study the dynamics of coupled electron and nuclear spins, one needs a long-
lived resident carrier. We use chemically n-doped samples and focus on the spec-
tral feature of the negatively charged exciton (X ) consisting of two electrons in
a spin singlet state and one hole trapped in the QD. This charge complex has
been shown to lead to a polarization of the nuclear spin system under circularly
polarized excitation in both III-V [42] and II-VI QDs [2]. In order to prepare by
optical pumping the spin state of a resident carrier or perform an optical orienta-
tion of a Mn spin, spin polarized electron-hole pairs have to be injected through
circularly polarized excitation on a QD excited state.

Low power PL excitation (PLE) spectra on a singly negatively charged QD
presented in Fig. 1.4 reveals intense absorption resonances for X~ with a strong
polarization dependence. In general we find three distinctive features in these
excitation spectra. The first is a set of lower energy resonances that are strongly
co-polarized with the excitation laser. These transitions can be assigned to nom-
inally forbidden transitions involving states with two s-shell electrons and an
excited or delocalized hole. These transitions are particularly well observed in
CdTe/ZnTe structures because of the weak valence band offset.
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Figure 1.4 (a) PLE spectra resolved in circular polarisation under o+ CW
excitation with PL spectra in inset. (b) Zoom on the polarized doublet in the
PLE spectra, the polarisation rate is also displayed. (c) Energy levels of the
negative trion states. The electrons triplet state is split by the electron-hole
exchange energy A.p. The electrons singlet state, also part of the p-shell is
not represented here. Left scheme: when exciting with o+ light on the
triplet state |S = 1,5, = —1), photon absorption occurs only if the resident
electron is down. As demonstrated by M.E. Ware [147], during the excited
trion relaxation, an electron-hole flip-flop process allowed by anisotropic
exchange interactions results in a c— PL. Right scheme: when exciting with
o+ light on the triplet state |[S = 1, S, = 0), photon absorption occurs only
if the resident electron is up. Relaxation from this state leads to o+ PL.

The second feature is a higher energy resonance that displays a fine structure
doublet well resolved in circular polarization. As presented in Fig. 1.4(b), the
PLE exhibits a strongly co- and then cross-polarized resonance as the laser en-
ergy increases around 2110 meV. As proposed by M.E. Ware et al. [147] we can
assigned this doublet to the direct excitation of the two bright triplet states (see
Fig. 1.4(c)) of the excited negatively charged exciton (X *). X consists of an
electron-hole pair in the s-shell and an electron in the p-shell. This doublet is
a characteristic signature of the presence of a single electron in the QD ground
state. We have found a triplet splitting Ay around 400 peV changing from dot
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to dot. This is higher than the values found in InAs QDs, in agreement with the
stronger exchange interaction in our II-VI system.

For an excitation above the X —* triplet states, a series of excited states and
an absorption background with a significant negative circular polarisation rate
are observed. As we will discuss in chapter 2, this condition of excitation can be
used to perform an optical pumping of the resident electron and analyze its spin
dynamics in the diluted nuclear spin bath.

1.1.3 Valence band mixing in quantum dots

In flat self-assembled QDs with a relatively weak hole confinement, the bi-axial
strains in the plane of the QD lift the degeneracy of the hole spin projections
(heavy-hole/light hole splitting). In a first approximation, the optical properties of
these QDs can be described by a heavy-hole exciton. However, several phenomena
can lead to the mixing between light holes (lh) and heavy holes (hh).

First, the symmetry reduction due to the confinement geometry of the dot has
to be considered. In this case, a hole band mixing appears through the non di-
agonal terms of the Luttinger-Kohn Hamiltonian. This mixing is responsible for
the linear polarization rate observed in strongly confined quantum wires [16]. A
large wave function anisotropy is indeed needed to reproduce the observed linear
polarization [135]. Such anisotropy can only be obtained in a very elongated con-
fining potential for the holes with large barriers. Another origin of hh-lh mixing
is the coupling of the X and Y valence band states produced by the microscopic
arrangement of chemical bonds at hetero-interfaces [30]. This contribution is ex-
pected to be weak in flat self-assembled QDs with almost symmetric interfaces.
In self-assembled (strained induced) QDs, an in-plane anisotropy in the strain
distribution can also be responsible for a strong hh-lh mixing. This mixing has
striking effects on the hole spin anisotropy.

To describe in detail the optical properties of self-assembled QDs and then un-
derstand the interaction between confined carriers and a Mn spin, let us consider
the general form of the Hamiltonian of a confined exciton. It consists of three
parts:

HX = He—h + 7—[band + Hmag (11)

The last term, H,,44 is the exciton magnetic coupling and will be discussed lat-
ter. The electron-hole exchange interaction, H._j, contains two parts: the short
range and the long range. The short range part can be describe by the Hamilto-
nian:

—
He—h7sr - Ieh?' j + Z bio-ij? (12)

where & (j) is the spin operator for the electron (hole). The first term already
exists in spherical symmetry whereas the second term takes into account the
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reduction of the symmetry in a cubic crystal. The long range part mixes bright
excitons confined in an anisotropic potential and can be represented in the heavy-
hole exciton subspace (J, = +2, +1, —1, —2) by:

0 0 0 0
0 0 lgee g

Henir = 0 Loye2ien 27 0 0 (1.3)
0 0 0 0

where 0, is the splitting of the bright exciton induced by the exchange interaction.

The band Hamiltonian, Hy.,q, stands for the energy of the electron and the
energy of the heavy-hole and light-hole. It has to take into account a possible
valence band mixing. In bulk semiconductor, the spin orbit interaction is respon-
sible for a splitting of the hole states. We only consider here the lowest energy
holes with angular momentum j = 3/2. These |j, j.) states can be simply defined
using orbital (X,Y, Z) and spin (1,]) eigenvectors :

X—l—zY

13/2,+3/2) = — 1 (1.4)

13/2,+1/2) =

13/2,—-1/2) =

3/2,-3/2
3/2,-3/2) =L =

Using these notations, a general form of Hamiltonian describing the influence
of shape or strain anisotropy on the valence band structure can be written in the

basis (|%7+%>7 %v+%>) gv*%> %7*5» as:

0 - R 0
| =s* An 0 R
Hvbm - R* 0 Alh S (].5)
0 R S5 0
with
S =0y, — 10y,
R = 0444y — 104y (1.6)

where R describes the mixing induced by an anisotropy in the QD plane zy and
S takes into account an asymmetry in the plane containing the QD growth axis
z. This asymmetry can come from the shape of the QD or the strain distribution.
Ay, is the splitting between lh and hh controlled by the in-plane bi-axial strain
and the confinement.
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In the case of a valence band mixing only induced by the strain anisotropy,
Ay, R and S can be linked to the deformation of the crystal ; by the Bir and
Pikus Hamiltonian [153, 21]:

Alh =2b (éﬂ:";gyy - 6zz> (17)

R =ide,, — b\f (Eza — Eyy) (1.8)
d .

S = —E(sm - zeyz) (1.9)

with b and d the Bir and Pikus parameters depending on the material.
Considering only an in-plane strain anisotropy (S=0) and using the hh band
as the origin of the energies, the valence band Hamiltonian reads:

0 0 pse 210 0
_ 0 Ay, 0 pse 20
Hvbm,zy —_— pse2i95 O Alh O (1.10)
0 poe2ifs 0 0

This notation allows us to introduce useful parameters to describe the strain
effects, namely the strain coupling amplitude p, and the strain induced anisotropy
axis in the QD plane defined by the angle 6, with respect to the = (100) axis.

In the limit of weak valence band mixing (ps < Ay), the ground states of the
holes can be written:

) o [43/2) = £ 1-1/2)

)@ o |=3/2) — P20 11 )9) (1.11)
Alh
%
A development of the hole angular momentum operator j in this subspace

gives in the first order of Ap; :

= ps [0 —2/3e7?
J+ =
Ay \ O 0

(1.12)

= Ps 0 0
J- = Alh < _2\/5621'95 0 > (113)

j. = < 3(/)2 _3/2 ) (1.14)

the pseudo spin ladder operator ﬂ and j_ flip the hole spin whereas the z com-
ponent j, confirms that these states are mainly hh. This pseudo-spin description
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of the hole ground states is often sufficient to describe the main consequences of
valence band mixing in self-assembled QDs.

1.1.4 Valence band mixing and optical polarization anisotropy

Fig. 1.1.4 presents the polarization resolved emission spectra for different charged
states of the same QD presenting a very large valence band mixing: the neutral
species (exciton and biexciton) and two charged excitons (positive and negative).
Whatever the charged state, the emission of the QD is partially linearly polarized
along a constant direction. In this case the linear polarization rate p; equals 40%.
A significant linear polarization rate is observed for most of the CdTe/ZnTe QDs
but with polarization directions changing from dot to dot.

Linear pol. dir. (°)

20075 2008.0 201125 201175 20130 20135 20225 20230
Energy (meV) Energy (meV) Energy (meV) Energy (meV)
180 180 180 180
Yo 135 135 135 7() 135
o e}
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0 & LJP 90 90 0 90 0 é& 90
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Figure 1.5 Linear polarization dependence of the PL intensity of X, X,
X~ and Xt in the same quantum dot. The polar plots depict the emission
intensity for different positions of the polarization analyzer relative to [110]
direction. For the exciton (biexciton), the high (low) energy line intensity is
plotted with open circles and the low (high) energy line intensity is plotted
with open squares.

To understand this effect, we first consider the simplest case of a charged exci-
ton where exchange interactions do not play a role because the hole is interacting
with an electron spin singlet. The oscillator strength Q(«) of the transition (where
the vector €, = cos(a)é, + sin(a)é, is the polarization of the detection) is given
by:

o e it 1)

=1+ A*+2Acos(2(6; — ) (1.15)
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with 7/ = iRV the impulsion operator and A = 1/v/3(p,/A;). Contrary to
what is expected in the hh approximation, the charged exciton can have a strong
linear component, depending on the strength of the lh-hh mixing.

In the QD presented in Fig. 1.1.4, the linear polarization rate p, = 2A4/(1 +
A?) =~ 40%, which corresponds to a very strong lh-hh mixing of p./Apnn_i, ~
0.75). Experimentally, there are no correlation between the polarisation axis of
different QDs, even if they are spatially close to each other (and of course no cor-
relation with the crystallographic axis). Such behaviour can be explained consid-
ering the anisotropic relaxation of strain during the growth. A similar behaviour
is observed in III-V compounds at low QD density (near the 2D to 3D transi-
tion). Again, it is attributed to the effect of strains [44]. For this III-V system,
this hypothesis is supported by AFM studies showing that, in such growth con-
ditions, the dots are preferentially nucleating near structural defects [119]. In the
case of II-VI materials, a strained-induced heavy hole / light hole mixing is not
surprising as the dislocation formation energy is lower in this system [140].

For neutral excitons, the competition of the long range exchange interaction
(which tends to favor linear emission along ¢, and ¢, + 90°) and the effect of
strains (which tends to favor linear emission along 6, and 6, + 90°) explains
that the angle between the two linearly polarized exciton lines is not equal to
90° (Fig. 1.1.4). Moreover, the valence band mixing results in a fine structure
splitting through the short-range exchange interaction that can either enhance
or decrease the fine structure splitting due to long range exchange interaction. In
order to illustrate our point, we consider only the isotropic part of the short-range
exchange interaction between the electron and the light or heavy hole:

He—h,sr = Iehg-j (116)

where 3/21,;, corresponds to the energy splitting between bright and dark excitons
due to the short-range exchange interaction. The coupling between the bright

states ‘L ﬁ> and ‘T 11> through H._, . can be calculated using the pseudo spin
operators 1.12 and 1.13:

X T 1 Ps 2,
(U el 10 = Jiloae (1.17)

Hence, valence-band mixing through the short-range interaction splits the bright
states into two linearly polarized states along axis defined by the strain angle 6.
This add a contribution to the splitting produced by the long range exchange
interaction in an anisotropic potential. As a result of the competition between
this effect and the long-range exchange interactions which wants to impose an
angle ®,, the angle between the two linearly polarized states is not necessarily 90°
as observed in the emission of CdTe/ZnTe QDs [93] and recently in InAs/GaAs
QDs [141].
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1.1.5 Valence band mixing and magnetic anisotropy

To have a better understanding on the influence of the valence band mixing on
the spin properties of confined carriers, magnetic field studies where performed.
A combination of data obtained for magnetic fields in Faraday and Voigt config-
urations (Fig. 1.6(a)) allows a full determination of the magnetic properties of a
given QD. In Faraday configuration (B||z) X, X*, X~ and X, split into doublets.
In the heavy hole approximation, these doublets should be composed of two lines
with opposite circular polarizations 0+ and o—. Experimentally, we only observe
circular polarization rates from 75 to 85% at 11T as illustrated in Fig. 1.6(d-e)
for the charged excitons. This is not surprising because a magnetic field of a
few Teslas has no influence on the valence band mixing produced by the strain
anisotropy. Considering a valence band mixing efficiency ps/A;;, of about 0.75,
it appears that each line of the doublets should have elliptic polarizations with
linear polarization rates of 40% and circular polarization rates of 90%. In other
words, a 40% linear polarization of the QD emission is conserved whatever the
charge state and whatever the magnetic field configuration.
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Figure 1.6 (a) Fine structure under magnetic field of X, X, X~ and X2 in
both Voigt (B z) and Faraday (B)z) configurations. (b) and (c) show
respectively the linearly polarized PL spectra of X~ and X in a transverse
magnetic field B=11T. (d) and (e) show the circularly polarized PL spectra
of X~ and X* in Faraday configuration (B=11T). The observed different
splitting directly reveal a variation of the g-factor with the charged state of
the QD.

For the exciton, an anticrossing of the bright and dark exciton states is observed
around 9T allowing a full determination of the electron and hole g factors. This
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anticrossing can be understood only by considering non zero trigonal shear strains
(S term in the Hamiltonian (1.5)). In this case, the full Bir-Pikus Hamiltonian
must be used and one obtains hole eigenfunctions that are linear combinations of
13/2), |1/2) and | —1/2) on one side and | — 3/2), |1/2)and | — 1/2) on the other
side. In this new basis, the Zeeman Hamiltonian in Faraday configuration is no
more diagonal. Thus it couples these hole states producing anticrossings when
they get close to each other as observed experimentally.

X x+ X~

gl -0.40 -0.35 -0.35
gnL 016 019  0.17

ge” -0.45 -0.45 -0.45
Sh| 0.53 0.60 0.53

Table 1.1 g factors extracted from the magneto-optics measurements presented in Fig. 1.6.

In Voigt configuration (BLz), the splitting of the exciton doublet slightly in-
creases and at hight field a contribution of the dark exciton states is also observed
on the low energy side of the spectra (Fig. 1.6). By contrast the charged exci-
tons split into quartets of linearly polarized lines (Fig. 1.6(b) and 1.6(c)) with an
intensity difference between the linearly polarized components corresponding to
the polarization degree measured at zero field [7]. This spectral feature is a direct
consequence of the presence of the strong hh-lh mixing detailed previously.

The magnetic coupling of the exciton in a Doy geometry is given by:

Himag = geuaﬁ? + HB(H7-§ + q73.§) +vB? (1.18)

where g, is the electron Lande factor, x and ¢ describe the hole magnetic coupling
and v is a diamagnetic coefficient. As it has been shown in CdSe QDs [77], in
presence of hh-lh mixing, the k term of the hole magnetic Hamiltonian leads
to magnetic coupling between the hole states for B_Lz, resulting in a non-zero
value of the in-plane hole g-factor and in QD PL emission polarized parallel and
perpendicular to the QD strain axis. We will see in the following deviations from
these results in CdTe/ZnTe QDs.

Magneto-optical experiments enable a determination of the electron and hole
g factors parallel and perpendicular to the growth axis. A summary of the g
factors deduced from the magnetic field evolution of the different charged states
observed in Fig. 1.6 are presented in table I. A larger hole g factor is found
for X* in both Faraday and Voigt configurations. This variation of g; reflects
the expected variation of the hole confinement in the different excitonic species.
Because of the weak valence band offset between CdTe and ZnTe, for X or X,
a significant fraction of the confinement of the hole comes from the Coulomb
attraction of the electrons present in the initial state of the optical transitions.
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Figure 1.7 Polarization resolved fine structures of X*((a)) and X~ ((b)).
Polar graphs of the line intensities are plotted on the right panel. Black lines
correspond to the low energy lines and red lines to the high energy lines.

By contrast, in the final state of X' there is no electron to attract the hole,
resulting in a delocalization of the hole wave function in the ZnTe barrier and to
a modification of its g-factor.

As observed for the linearly polarized exciton doublet at zero field, the charged
exciton quadruplets under transverse magnetic field presents polarization axes
which are not orthogonal. This can be seen in Fig. 1.7 where the polarization
resolved spectra of charged excitons are plotted for a transverse magnetic field
B, =11T. Not only the inner and outer doublets polarizations are not perpen-
dicular to each other but there are also differences in the polarization directions
of each doublet.

In the first part of this section, we have seen that a competition can arise be-
tween the strain distribution and the shape of the dots that define two different
anisotropy axis in the QD plane. This competition has consequences on the exci-
ton splitting and polarization features. Thus, for magneto-optical experiments in
Voigt configuration, one can expect that the spectral features of the charged exci-
ton emission will be influenced by a competition between the strain distribution
and the in-plane anisotropy produced by the magnetic field.

As illustrated in Fig. 1.8, the emission spectra and polarization directions of
a negatively charged exciton have been measured for two orientations of the in-
plane magnetic field. It appears that the orientation of the magnetic field in the



1.1 Spin structure of CdTe/ZnTe quantum dots 21

PL int. (arb. units)

T T .. =
2026 2027 out-in

Energy (meV)

70°

Figure 1.8 Fine structures and polar graphs of the emission intensity of a
negatively charged exciton for two orientations of the transverse magnetic
field (11 T) : (a) 5 = 90° and (b) fp = 30° while 6, = 10° in both cases. In
the polar graphs, the intensity of the inner doublet is plotted with open
green squares. The intensity of the outer doublet is plotted with full black
circles. The dashed blue lines represent the total emission intensity.

QD plane has a significant impact on the Zeeman splitting and on the polarization
directions of the inner and outer doublets. When the in-plane magnetic field
is perpendicular to the (110) axis (Fig. 1.8(a)), the charged exciton splitting
only enables us to observe a triplet structure and the inner and outer doublets
are roughly perpendicular with directions defined by the strain distribution as
explained in reference [77]. In the second case presented in Fig. 1.8(b) where
05=30°, the splitting has changed so that a quadruplet is observable. The angle
Xout—in Detween the inner and outer doublets is now only 70°. This confirms that
the charged exciton behavior under transverse magnetic field is non trivial. A
competition between the strain anisotropy axis and the magnetic field direction
governs the hole states.

Such a competition can be qualitatively modeled by considering only the lin-
ear term of the hole magnetic coupling in equation (1.28) and a description of
the valence band by equation (1.10). The calculated energy levels of a charged
exciton presented in Fig. 1.9(a) show that for some magnetic field orientations,
one can have either an acute or obtuse angle x,u:—in between the linear polar-
ization directions of the inner and outer doublet. The angle X ;i (right panel
of Fig. 1.9(a)), as well as the Zeeman splitting (left panel of Fig. 1.9(a)) present
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Figure 1.9 Calculated dependence of the fine structure and of ou—in On
the magnetic field direction 65 for two different sets of parameters: (a)

k =0.15, ¢ =0; (b)x =0.09, ¢ =0.05. These parameters are chosen to reflect
the experimental in-plane hole g factor. The strain parameters are: Ay, = 30
meV, ps/A;p, =0.75 and 6; = 10°. The other parameters are B=11T,
Tep=-550 peV and d2=250ueV.

both an amplitude which strongly depends on the transverse magnetic field ori-
entation. In particular, extremal splitting values and orthogonality of the doublet
directions are obtained for magnetic field orientation parallel to the strain direc-
tion. Let’s note that these modulations cannot be seen in the pseudo spin model
(used for instance by Koudinov et al. [77]) in which the reduction to a 2x2 matrix
cancels the phase of the coupling elements.

Fig. 1.9(b) shows that sharing the hole g factor between the linear and the cubic
components (¢ # 0) modifies the splitting and angle variations. In particular, we
observe an angular shift of the modulation shapes. However, a comparison with
the experimental data do not permit to independently extract the values of x and
q. They may both contribute to the observed behavior. The presented model is
also not able to reproduce the dephasing between the two inner lines on one side
and the two outer lines on the other side. In order to improve the model, the g
factor anisotropy due to the shape of the confinement and valence band mixing
due to Luttinger hamiltonian should probably be considered.
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1.2 Mn atoms in a II-VI quantum dot

Now that we have analyzed the basic magneto-optical properties of neutral and
charged excitonic complexes in CdTe/ZnTe QDs, we will study their interaction
with magnetic atoms (Mn). We will first remember some properties of II-VI
DMS before describing in detail the coupling between confined carriers and an
individual Mn atom. We will show that in QDs with a cylindrical symmetry, there
is a direct correspondance between the state of a photon (energy and polarization)
absorbed or emitted by the QD and the spin state of the Mn atom. We will discuss
the limit of this direct correspondance in QDs presenting a shape and/or strain
anisotropy.

1.2.1 A Mn atom in a zinc blende II-VI semiconductor

Carrier Mn coupling in a diluted magnetic semiconductor

In order to understand the effect of adding a Mn atom in a CdTe QD, a good
starting point is to consider a Mn atom in a CdTe crystal and hence the case of
DMS at the limit of low concentrations which have been intensively studied for
the past decades. In such case, we can consider that the band states of the crystal
are the ones of a pure crystal without the Mn impurity, while the presence of the
Mn atom introduces localized d electronic states around the Mn nucleus.

When the Mn atom (3d°4s?) replaces a Cd atom (3d'°4s?), the 2 electrons of
the s shell participate to the crystal bond, while the 5 electrons of the d shell
remain localized around the Mn?" ion. Consequently, the presence of the Mn
impurity in a II-VI crystal does not strongly modify the crystal potential seen by
free carriers contrary to a Mn impurity in a III-V semiconductor where the Mn
atom is also an acceptor (The Mn?* ion, which is a negatively charged center in
the III-V crystal, binds a hole from the valence band to form a hydrogenic-like
state [81]).

The half filled 3d shell of the Mn atom in the ground electronic state satisfies
according to Hund’s rule S = 5/2 and L = 0: each electron occupies a d orbital
(L, = =2, —1, 0, 1, 2) with parallel spins. The lowest excited state 3d°* with
S =3/2 and L = 4 (which corresponds schematically to the inversion of one of
the electron’s spin) lies 2.2eV above the electronic ground state. These intra-ionic
optical transition (observed in ZnMnTe [90]) should be forbidden by parity rules
and spin-conservation but are dipole allowed by the lack of inversion symmetry
of the tetrahedral crystal field and spin-orbit interaction. The same mixing is
responsible for spin-lattice relaxation of an isolated Mn spin. Since this mixing is
small, we can consider that the Mn is a S = 5/2 pure spin.

In DMS, a strong spin-dependent coupling was discovered in 1977 [76] between
the free carriers (electron from the s band and holes from the p band) and the
localized d electrons of the Mn atom called sp — d exchange. One of the most
striking consequences of these interactions is the so-called giant Zeeman effect: the
splitting produced by a magnetic field is more than an order of magnitude larger
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than the intrinsic Zeeman splitting of the exciton optical transitions, reflecting
an energy shift of the conduction and valence band edge.

In order to explain it, a shift induced by the effective field created by polarized
Mn atoms needs to be considered. Since carriers near the band edge are delocal-
ized, a mean field approximation is performed (it is the so-called virtual-crystal
approximation): the carriers are only sensitive to the mean value of the Mn spins
(S.), and to their average density © /Ny where z is the percentage of Mn in the al-
loy, and where Ny is the number of unit cells in a normalized volume (i.e. Ny = aig
where ag is the size of the cubic cell in the zinc-blende structure.). This sp — d
exchange-induced shift was found to be proportional to the Mn magnetization:

E.y = —Noza(S,)o
Epd = _N():L‘g <Sz>]z (119)
a (resp. () is a coupling constant between the s carriers (resp. p carriers) and
the d electrons of the Mn spin. In CdTe, Nga = 0.2eV and N3 ~ —0.88eV.
These values in bulk materials can be extracted from reflectivity measurements
under magnetic field thanks to the presence of both light holes and heavy holes
excitons which split proportionally to No(a+3/3) and No(a—3) [40, 52]. The law
(1.19) is well satisfied in II-VI DMS with moderate band gap and a Zinc-Blende
structure such as (Cd,Mn)Te, (Zn,Mn)Te or (Zn,Mn)Se. Generally, Ny« is fairly
independent from the material, while Nyf is large, negative and proportional to
Ny (i.e. increases as the size of a unit cell shrinks, for e.g. Ny |Bcare] < No|Bznrel)-
These spin-dependent coupling result from short-range exchange interactions
between the carriers (electron from the s band at a position 7, and holes from the
p band, at 7%,) and the localized d electrons at position R which take a Kondo-like
form?:

Hypg=—Ju(R—7.)G. - S — Jpa(R —7)5 - S (1.20)
Two mechanism contribute to this exchange coupling:

1. A ferromagnetic coupling resulting from direct exchange interaction: Two elec-
trons with parallel spins tend to avoid each other due to the Pauli exclusion
principle, thus the Coulomb repulsive interaction is reduced compared to the
case of anti-parallel spins.

2. A spin-dependent hybridization of the Mn electrons with the free carriers
which results in an anti-ferromagnetic coupling between the free carrier and
the Mn spin, called kinetic exchange.

The hybridization is forbidden for an electron from the s band at £ = 0 because

2 Following the conventional notations, the Kondo Hamiltonian is expressed as a function of the pure
spin of the free carriers, but it can also be expressed as a function of j by replacing &, +— J and
de — de/3.
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of symmetry (s and d wave-functions are orthogonal in zinc-blende structures).
The s-d exchange is only governed by direct exchange and the coupling between
s electrons and the Mn spin is ferromagnetic. But p-d hybridization is allowed,
and has the main contribution to the hole-Mn exchange: the holes and Mn spins
coupling is anti-ferromagnetic.

Mn spin fine and hyperfine structure

To fully describe a Mn atom in a zinc-blende semiconductor, we have also to
notice that all the stable Mn isotopes ( **Mn) carries a nuclear spin I=5/2 which
couples through hyperfine interaction to the electronic spin S=5/2. The d orbital
of the Mn is also sensitive to the electric field produced by the neighboring atoms
(crystal field) in the zinc-blende lattice. A distortion of the lattice and conse-
quently a change in the crystal field will also affect the d orbital. The complete
Hamiltonian of the coupled electronic and nuclear Mn spins in a strained zinc-
blende layer grown along [001] is known from magnetic resonance measurements
[124]. Tt reads:

Hom = AT.S + éa[sgf +8 45t - éS(S +1)(35% +35 —1)]
+D,[S? — %S(S +1)] + E[S2 - 57
Vgueps B8 (1.21)

The term A in this Hamiltonian is the hyperfine coupling which results from the
magnetic dipolar interaction between the Mn 5 d electrons forming the total spin
S and the spin of the Mn nucleus I. The hyperfine constant A is equal to +0.7ueV
[22]. The second term of the Hamiltonian results from cubic crystal symmetry
and mixes different S, of the Mn spin. We have a = 0.32pueV according to [22].

The term Dy, commonly called 'magnetic anisotropy’ arises from the existence
of bi-axial strains. These strains induce an additional component to the crystal
field which has an axial symmetry. We can estimate the maximum D, expected
in our samples. The lattice constant of an unstrained CdTe crystal is acqr. =~
0.648nm while for a ZnTe crystal, az,7. ~ 0.610nm. According to [124], the
magnetic anisotropy D, for a strained layer grown along the [001] axis is given
by:

(1.22)

3 2C sy — e
Dy = —§G11 <1+ 12) Qgzy — QCdTe

C(11

where G1; is the spin-lattice coefficient describing the energy-shift of spin levels
per unit strain, Cy; and 4, are elastic constants, and a,, is the common in-plane
lattice constant of the strained-layer. According to [22], G, /(27he) = 0.46ecm ™1,
and according to [63], C;; = 5.62 - 101°N.m™2 and Cj, = 3.93 - 10'°°N.m~? at
77K. Considering that a,, is determined by the ZnTe lattice parameter, we can
estimate Dy =~ 12ueV. This is the maximum value we can expect for a fully
strained CdTe QD matched on a ZnTe substrate.

QcdTe
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An anisotropy of the strain in the xy plane can also, through the crystal field,
mix different S, components. This coupling is described in the Hamiltonian (1.21)
by its characteristic energy F.

00T T T T
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Figure 1.10 Magnetic field dependence of the fine structure of the Mn spin
with a field along [001] (right) or perpendicular to [001] (left). The
calculation are performed with A = 0.7 ueV, Do =7 peV, gyn=2 and a
crystal field parameter a = 0.32 peV.

The resulting fine and hyperfine structure of the Mn under a magnetic field
applied along z or in the plane xy is shown in Fig. 1.10. At zero field, the Mn
electronic spin is quantized along the growth axis and the different electronic spin
doublets are separated by an energy proportional to Dy. The doublets S,=45/2
and S,==43/2 are further split into six lines by the hyperfine coupling with the
nuclear spin 1=5/2. For the doublet S,==+1/2, the isotropic coupling with the
nuclear spin I=5/2 results in two levels with total spin M=2 and M=3. The har-
monic spacing between the electronic spin levels is restored for a large magnetic
field (B>1T) along the z axis [001].

1.2.2 Coupling between confined carriers and a Mn spin

In Fig. 1.11, PL spectra of an individual Mn-doped QD are compared to those of
a non-magnetic CdTe/ZnTe reference sample. In non-magnetic samples, the emis-
sion of neutral QDs is split by the e-h exchange interaction and usually a linearly
polarized doublet is observed [9]. On the over hand, most of the individual emis-
sion peaks of magnetic single QDs are characterized by a rather large linewidth
of about 1 meV. For some of these QDs, a fine structure can be resolved and six
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Figure 1.11 Low temperature (T=5K) PL spectra obtained at B=0T for
an individual CdTe/ZnTe QD (a) and a Mn-doped QD (b). (¢) Scheme of
the energy levels of the Mn-exciton coupled system at zero magnetic field.
The exciton-Mn exchange interaction shift the energy of the exciton
depending on the S, component of the Mn spin.

emission lines are clearly observed at zero magnetic field. The measured splitting
changes from dot to dot. This fine structure splitting as well as the broadening
is obviously related to the influence of the Mn atoms located within the spatial
extent of the exciton wave function. The broadening observed in magnetic QDs
has been attributed by Bacher et al. to the magnetic fluctuations of the spin pro-
jection of a large number of Mn spins interacting with the confined exciton [5].
In the low concentration Mn-doped samples, the observation of a fine structure
shows that the QD exciton interacts with a single Mn spin.

As we have seen, the bi-axial strains in the plane of the QD lift the degeneracy
of the hh and lh. In a first approximation, this system can be described by a hh
exciton confined in a symmetric QD, in interaction with the six spin projections
of the Mn atom [61]. The spin interaction part of the exciton-Mn Hamiltonian is
then given by:

. —
Him‘, = IeMn?-g + Ith]z-Sz + Ieh?- J (123)

where Iy, (Inarm) is the Mn-electron (-hole) exchange integral, I, the electron-
hole exchange interaction and o (j, S) the magnetic moment of the electron
(hole, Mn). As the carrier-Mn exchange interaction is short-range, in first ap-
proximation, we can consider that the exchange constants are proportional to
the probability of presence of the carrier at the Mn location R:

2

F.(R)

IeMn = -«

2

(1.24)
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For a better understanding of the exchange interactions, the Hamiltonian of
the electron-Mn interaction for instance can be rewritten in the form:

IeMn

Heesin = LerinS,.0. + (Sy.o_-+S_.0y) (1.25)
Here the ladder operators Sy = S, £S5, for the Mn and oy = o, +i0, for the
electron have been introduced. The first part of the Hamiltonian S, .0, is an Ising
type interaction and thus called Ising term. It is diagonal in the chosen basis
and leads to energy shifts of the states | X, S.). The second part (S;.0_ +S5_.0,)
contains the ladder operators. This term allows the electron to exchange spin
with the Mn. For example, the electron spin flips from up to down and the Mn
spin increases by one or vice versa. This part is called flip-flop term.

The exciton-Mn levels (initial states of the optical transitions) are obtained
from the diagonalisation of the spin Hamiltonian #,,,; in the subspace of the hh ex-
citon and Mn spin components |+£1/2).|£3/2)4|S.) pn, with S, = £5/2,4+3/2,+1/2.
Since the dipolar interaction operator does not affect the Mn d electrons, the fi-
nal states involve only the Mn states |S, )y, with the same spin component [11].
At zero magnetic field, the QD emission presents a fine structure composed of
six doubly degenerate transitions roughly equally spaced in energy. The lower
energy bright states, |+ 1/2).| —3/2)n|+5/2)am and | —1/2) | +3/2)1] —5/2) prn
are characterized by an anti-ferromagnetic coupling between the hole and the
Mn atom. The following states are associated with the Mn spin projections
S, = £3/2,£1/2 until the higher energy states | — 1/2).| + 3/2)x| + 5/2) pn
and |+1/2).| —3/2)n| — 5/2) prs corresponding to ferromagnetically coupled hole
and manganese. In this simple model, the splitting between bright excitons at
zero field 8y, = %(3Ith — I.ar) depends only on the exchange integrals .y,
and Iy, and is thus related to the position of the Mn atom within the exciton
wave function. The overall splitting of the bright exciton sextuplet is simply given
by darm = %(3Ith — Learn)-

When an external magnetic field is applied in the Faraday geometry (Fig. 1.12),
each PL peak is further split and twelve lines are observed, six in each circular
polarization. The relative intensities of the six emission lines observed in each
circular polarization strongly depend on the applied magnetic field. The emission
intensity, which is almost equally distributed over the six emission lines at zero
field, is concentrated on the high energy side of the o— emission and on the low
energy side of the o+ emission at high magnetic field.

As presented in Fig. 1.13, the Zeeman effect of the Mn states is identical in
the initial and final states of the optical transitions. The six lines in a given
polarization follow the Zeeman and diamagnetic shift of the exciton, as in a non-
magnetic QD. The parallel evolution of six lines is perturbed around 7T in o—
polarization by anti-crossings observed for five of the lines.

The electron-Mn part of the interaction Hamiltonian IeMn7.? couples the
dark (J, = £+2) and bright (J, = +1) hh exciton states. This coupling corresponds
to a simultaneous electron and Mn spin flip changing a bright exciton into a dark
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Figure 1.12 Magnetic field dependence of the emission of a Mn-doped QD
recorded in o+ and o— polarisation. Anticrossing of the bright and dark
states appears around 7T in o— polarisation.

exciton. Because of the hh-lh splitting, a similar Mn-hole spin flip scattering is
not allowed in a first approximation. The electron-Mn spin flip is enhanced as
the corresponding levels of bright and dark excitons are brought into coincidence
by the Zeeman effect. An anti-crossing is observed around 7T for five of the
bright states in o— polarization (experiment: Fig. 1.12 and theory: Fig. 1.13). It
induces a transfer of oscillator strength to the dark states. In agreement with the
experimental results, in the calculations the lower energy state in o— polarization
(| +1/2)c] —3/2)n| + 5/2) mn) does not present any anti-crossing. In this spin
configuration, both the electron and the Mn atom have maximum spin projection
and a spin flip is not possible.

The minimum energy splitting at the anti-crossing, v/5I.am, is controlled by
the electron-Mn exchange integral. In Fig. 1.12; the splitting measured for the
higher energy line in o— polarisation, AE = 150ueV gives Iy, ~-65ueV. From
the overall splitting measured at zero field (1.3meV’) and with this value of I.,,,
we obtain I, ~=150ueV.
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Figure 1.13 (a) Scheme of the energy levels of the initial and final state
involved in the optical transitions of a quantum dot containing a Mn atom.
(b) Modlisation of the optical transition obtained from the diagonalisation of
an effective spin Hamiltonien including the e-h exchange interaction, the
exciton-Mn exchange interaction, the Zeeman and the diamagnetic energies.
The contribution of the dark states appears in green.

The ratio of the exchange integral, (31,1s1,)/ e ~-6 for the discussed QD does
not directly reflects the ratio of the sp—d exchange constants §/a ~ —4 measured
in bulk CdMnTe alloys [52]. Such deviation likely comes from the difference in
the electron-Mn and hole-Mn overlap expected from the difference in the electron
and hole confinement length but it could also be due to a change of the exchange
parameters induced by the confinement [105].

The spin Hamiltonien (1.23) does not reproduce the observed non uniform zero
field splitting between consecutive lines (Fig. 1.11) and some anticrossings under
magnetic field (Fig. 1.12). As we will see in the following, a more accurate model
has to take into account the full valence band structure and the hh-lh mixing as
well as coupling with the QD excited states.

1.2.3 Spin effective Hamiltonian of a Mn doped quantum dot

We will in the following analyze in details with a complete spin effective Hamil-
tonian the optical spectrum of a singly Mn doped QD taking into account hh and
lh and possible shape and strain anisotropy. For generality, we will also include
the fine and hyperfine structure of the Mn and see in which condition it could be
detected in the optical spectrum. We will then analyze the influence of the QD
excited state on the energy spectrum of the ground exciton-Mn complex. In the
last part we will discuss the emission of QDs containing two Mn atoms.

For a sufficiently small number of Mn atoms (1 or 2 in this work, including elec-
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tronic (S=5/2)) and nuclear (I=5/2) spins) the size of the Hilbert space permits
to obtain the spectra from the exact numerical diagonalization of the Hamilto-
nian of the system. The complete exciton-Mn Hamiltonian consists of five parts

[46]:
Hx-—nn = Henin + Hmag 4+ Heen + Hoana + Harn (1.26)

Hyand, He—n and H s, have been described in the previous section. The carrier-
Mn exchange interaction, H._ .., describes the coupling of the electron and hole

with the Mn spin.

Heerin = Heenin + Hupin = eMn?-? + Ith§-7 (1.27)

(hh;+2)

(hh;-1)
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(hh;-2)
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Figure 1.14 Calculated energy levels in a Mn doped quantum dot. The
parameters used in the calculation are: A = 0.7 ueV, Dy =7 peV,
a=0.32 peV, I, = =200 peV, Ieprm = —30 peV, Ippm = 120 peV,
Aph—1n=25 meV, §;,=0,,=0, 02y=0, dzz,yy=2.5 meV, d = 50 peV, ¢o=0,
by =b,=b.=0.
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An external magnetic field couples via the standard Zeeman term to both the
Mn spin and carriers spins and a diamagnetic shift can also be included:

Hinag = gMnugﬁ.? + geu3§.7 + ,LLB(K7.§ + q73.§) +~B*  (1.28)

Using the Hamiltonian of the excited state Hx_as, and the Hamiltonian of the
ground state H,;,, we can compute the spectrum of a neutral QD containing a
Mn atom. They are obtained calculating the matrix elements |(S., I.|X, S, I2)|?
where X, S, and I, stands for the 8 possible exciton states, the electronic and
the nuclear Mn spin respectively.
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Figure 1.15 Calculated spectrum of the ground state of a Mn doped QD in
circular polarisation with (lower panels) and without (upper panels) valence
band mixing for A=0.7ueV (left panels) and A=0ueV (right panels). The
other parameters are the same as in Fig. 1.14.

An example of calculated spectrum of a Mn doped QD is presented in Fig. 1.14.
The parameters used for this calculation are listed in the caption. The appearance
of a seventh line in the spectrum of the bright hh levels is characteristic of the
presence of hole-Mn spins flips which couple bright and dark excitons. These spin
flips are allowed by a mixing with lh produced by an anisotropy in the QD plane
(03s,yy 7# 0O for instance).

Detail of the calculated optical emission of the bright hh exciton coupled with
a Mn spin are presented in Fig. 1.15. A careful analysis reveals a small influence
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Figure 1.16 Calculated spectrum of the ground state of a Mn doped
quantum dot in circular polarisation with Dy=0 and Dy=7peV. The other
parameters are the same as in Fig. 1.14.

of the fine and hyperfine structure of the Mn on the spectrum. In the case of
a neutral QD, as the Mn spin S, is conserved during the optical transition, one
expect no signature of D, in the optical spectra of the bright excitons. On the
other hand, the hyperfine coupling A mixes the different spin state of the Mn
in the ground state (i.e. without exciton). This isotropic coupling is partially
blocked by the magnetic anisotropy D, except for the states S,=+1/2 where
flip-flop with the nuclear spin are completely allowed. Depending on the relative
value of Dy and A, an influence of the Mn fine and hyperfine structure on the
exciton-Mn emission is expected.

This is illustrated in Fig. 1.15. In the absence of valence band mixing, an influ-
ence of A is obtained in the intensity distribution of the calculated spectrum: a
decrease of the intensity of the center lines corresponding to S,==1/2 is observed.
This apparent decrease of intensity is indeed produced by the slight broadening of
the lines as in the ground state of these optical transitions the states S, = +1/2
are mixed and split by the hyperfine coupling.

Such modulation of intensity is also observed in the presence of a significant va-
lence band mixing but in this case, the intensity distribution is mainly controlled
by the coupling with lh and the specific influence of A is difficult to observe ex-
perimentally. One way to tune the influence of the hyperfine coupling is to apply a
magnetic field in the Faraday configuration. When the Zeeman energy of the Mn
dominates the hyperfine energy (typically under B,=0.5T), a quantization axis
along z is restored for the Mn alone. The influence of A on the emission spectrum
vanishes. This tiny effect of the hyperfine interaction has not been observed until
now in the spectrum of real QDs dominated by shape or strain anisotropy.

As presented in Fig.1.16, the magnetic anisotropy term D, influence the po-
sition of the emission of the ”dark” exciton states. These dark states are mixed
with the bright exciton through an electron-Mn or a hole-Mn flip-flop. Their op-
tical recombination involve a Mn spin flip and is then sensitive to the Mn energy
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levels in the final state of the transition. This energy shift, though tiny, should be
taken into account for an accurate description of the energy of the dark exciton
levels in Mn doped QDs.
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Figure 1.17 (a) Dependence of the exciton-Mn energy spectrum on the
strength of the valence band mixing ps/A;,. Parameters are chosen to
reproduce the features of the QD emission plotted in (b): I.prn=-70 peV,
Tep=-400 peV, Ijnm=170 peV, A;;,=30 meV and variable p, /Ay, = 0.07.
The dotted line corresponds to the situation of the QD presented in (b) with
ps/An = 0.07. (¢) is the corresponding calculated emission spectra.

1.2.4 Quantum dot symmetry and exciton Mn coupling

Let’s now consider in detail the interplay between shape and strain anisotropy in
the spectrum of Mn doped QDs. The effect of an increasing valence band mixing
on the excitonic emission spectrum of a QD is presented on Fig. 1.17(a). We have
seen in the case of non-magnetic QDs that, in first approximation, the only effect
of the valence band mixing combined with the short range e-h exchange interac-
tion is to couple bright excitons states together. For magnetic QDs, bright states
associated with the same Mn spin projection are thus coupled. This coupling
mainly concerns the energy levels associated with Mn spin projections S,=+1/2
because they are only slightly split by the exciton-Mn exchange interaction. An
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increase of the valence band mixing will thus open a slight gap in the middle of
the bright exciton fine structure (around 0.25 meV in Fig. 1.17(a)).

Another gap appears on the low energy side of the structure because of the hole-
Mn interaction. As a matter of fact, simultaneous hole-Mn spin flips couples bright
and dark states associated with consecutive Mn spin projections. The exciton-
Mn exchange interaction induces an overlap of the bright and dark exciton fine
structure. Exciton-Mn states coupled by h-Mn spin flips are therefore quite close
to each other and an increase of the valence band mixing, that is to say an
increase of the h-Mn spin flip efficiency, will open a gap between them. This can
be observed on Fig. 1.17(a) around - 0.1 meV. Finally, the overall splitting of the
structure decreases as the valence band mixing increases because of the decrease
of the weight of the heavy-hole in the exciton ground state.

Such coupling between bright and dark excitons is observed in the spectrum
the QD presented in Fig. 1.17(b). In this QD, the valence band mixing is quite
weak and the gaps induced by the e-h exchange and the h-Mn exchange can be
hardly resolved in the exciton spectrum. Nevertheless, the h-Mn spin flips induced
bright-dark coupling is large enough to give non negligible oscillator strengths to
the dark states. Three ”dark” states are then observed in the emission spectrum.
The value p, /Ay, can be estimated to 0.07. Using, this parameter we can calculate
the exciton emission spectrum. The result is plotted on Fig. 1.17(c). The exciton-
Mn system is partially thermalized during the exciton lifetime. This results in the
increase of the intensity of the lines as their energy decreases. In the calculation
we thus consider that the system has relaxed and that it is characterized by an
effective spin temperature T,¢;. In Fig. 1.17(c), T.;¢ = 15 K. With this effective
temperature, "dark” states appears in the calculated spectrum but their intensity
is weaker than in the experiment. Moreover, comparing the intensities of the
bright lines in the calculation and in the experiment, we note that we cannot
fit the data with an effective temperature smaller than 15K in order to increase
the ”dark” states intensity. These features show that we should not consider a
total thermalization in the exciton-Mn system. As under non-resonant excitation
bright and dark excitons are created with the same generation rate, if the spin
relaxation is partially blocked, the intensities of the associated transitions can be
comparable even though they have different oscillator strengths. These effects of
thermalization will be discussed in detail in chapter 2.

We finally consider the neutral exciton fine structure of Mn-doped QDs that
present an anisotropic in-plane shape. Fig. 1.18 presents the linear polarization
dependence of the emission spectrum of such QD. The experimental spectrum
show the main characteristics of a quite strong valence band mixing as detailed
in Fig. 1.17(a). The spectrum presents an overall linear polarization rate of about
25% orientated at 6, = 110° from the cleaved edge of the sample and dark states
appear on the low energy side of the structure. Two gaps can also be observed:
One between the two first main lines and the other between the third and the
fourth lines. However, if these peculiarities were only due to the combined effect
of the valence band mixing and short range e-h exchange, one could expect the
third and the fourth lines to be polarized parallel and perpendicular to the strain
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Figure 1.18 Experimental and calculated polarization resolved
photoluminescence of an anisotropic quantum dot. The intensity maps
present the dependence of the emission on the analyser angle. The emission
spectrum are presented for orthogonal linear analyzer directions (red and
black curves).

direction (110°). It is not the case and surprisingly, the emission spectrum also
presents non-orthogonal linear polarization directions.

These polarization directions are the signature of a competition between a
valence band mixing and long range electron-hole exchange interaction. The cal-
culation of the emission spectrum (right panels of Fig. 1.18) gives a good agree-
ment with the experiment using the following parameters: I.y;, = -60ueV, Inym
= 135peV, I.,=-400peV, dy = 450peV, Ay, = 30meV, ps /Ay, = 0.25 and T,¢p =
20K. The strain direction and the dot shape direction must be roughly perpen-
dicular (80°) to fit the experiment.

In anisotropic QDs, the interplay between the electron-hole and exciton-Mn
exchange interactions is confirmed by magneto-optical measurements (Fig. 1.19).
The typical Zeeman splitting of the six lines is clearly observed in the data at all
fields, with a strong intensity gradient at the highest fields resulting from a rather
strong Mn spin polarization. For this clearly anisotropic dot, the central gap in
the emission structure is maintained in both circular polarizations, with a small
quadratic diamagnetic energy shift. This behavior is explained as follows: The
dot anisotropy leads to successive anticrossings of the +1 bright exciton states
associated with given Mn spin projections (—1/2, —3/2 and —5/2) as a function
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Figure 1.19 (left) Intensity map of magnetic field dependence of the
emission spectrum of anisotropic Mn-doped QD, for circular polarization o+
and o—. (right) Optical transitions obtained from the diagonalization of the
spin effective Hamiltonian with the parameters: I.;, = —400 peV,

Teprn = —60 peV, Ipnrm = 135 peV, d; = 450 peV, ps/Ay, = 0.25,
ge=—0.1, k=03, v=24 peVT2, T.ss = 15K, 0, = 110°, ¢ — 0, = 80°.

of magnetic field : As B increases, transitions associated with the J, = +1 exciton
shift up in energy whereas the J, = —1 transitions shift down. The anisotropic
part of the electron-hole exchange interaction mixes successively the J, = +1
exciton states associated with S, = —1/2, then with S, = —3/2 and finally with
S. = —5/2 at successively higher B. For the QD presented in Fig. 1.19, these
anticrossings are observed successively at 2.5T, 7T and 11T.

To fully understand the rich magnetic behavior of these anisotropic QDs, we
calculated the optical transitions under magnetic field by diagonalizing the com-
plete Hamiltonian of the electron-hole-Mn system (including the exchange, Zee-
man and diamagnetism Hamiltonians). Calculated transitions are presented in
Fig. 1.19. The fitted Landé factors of the electron (g. = —0.1), the hole (g, = 0.3)
and the Mn atom (g, = 2.0), the splitting between J, = +1 and J, = £2 ex-
citons (= 1meV) and the diamagnetic factor (y = 2.4ueV.T~?) agree well with
previous work [52, 9]. Parameters da, I, and Ij,pr, were adjusted to fit the zero
field data, as explained earlier.
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Comparison between calculation and data explains most of the details of the
magneto-optic properties. In particular, around 7T, the central gap is perturbed
in both circular polarizations. In o—, this is due to anticrossings induced by
the mixing of | 1/2,-3/2,S, > states and | —1/2,—-3/2,5, + 1 > states by the
electron-Mn exchange, i.e. corresponding to simultaneous spin-flips of electron
and Mn spin.

To summarize these geometrical effects, it comes out from this study that an
anisotropic strain distribution in the growth plane and a QD shape anisotropy
induce a valence band mixing which strongly modifies the emission spectra of
a single Mn doped QDs. The main observed effects are: (i) the appearance of
anti-crossings related to possible Mn-hole spin-flips, (ii) the separation of the six
lines structures into two sets of lines partially linearly polarized, and (iii) the
variation of the linear polarization directions which are no longer perpendicular
for the exciton fine structure of a given QD. The last feature clearly evidences the
competition between two types of anisotropy, one coming from the confinement
potential (shape anisotropy) and one coming from the local strain distribution
into the dot.

1.2.5 Influence of the quantum dot excited states on the exciton-Mn
coupling.

One important characteristic of the experimental spectra is not yet described
by the previous spin effective Hamiltonian: the irregular spacing between the six
emission lines. To understand this energy distribution one has to consider the
influence of the scattering of carrier to an excited state of the QD induced by
the carrier-Mn coupling acting as a perturbation on the exciton wave function.
A detail description of this effect requires a model for the confinement potential
and to calculate the ground and excited state wave function before considering
their perturbation by the exchange coupling with the Mn. This has been recently
done by Trojnar et al. considering a parabolic confinement potential [142].

To understand qualitatively this effect, let us consider the case of a hh coupled
to one Mn. The hole-Mn would be the dominant contribution as in CdTe QDs
most of the exciton Mn interaction energy is coming from the hole-Mn Hamilto-
nian and the energy splitting between the confined hole states is expected to be
much weaker than for the electrons.

To deduce the general form of the perturbation, we assume the hole can occupy
two spin degenerated levels, a (ground state) and b (excited state). b could be for
instance a p or d state confined in the QD. The energy difference between a and
b, 9, is assumed to be bigger than the exchange energy scale with the Mn, J. The
eigenstates of the h-Mn Hamiltonian are the product of the fermion state (hole
in our case) and the spin states of the Mn.

W) = @) per @ 152) (1.29)

where |@) s, are all the possible state of the fermion in the two levels. We define
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Label atal btTbl Energy M,

1 1000 0+ jaaS: +3/2
2 0100  0-jaaS: -3/2
3 0010  &+jmwS: +3/2
4 0001  &-jwS: -3/2

Table 1.2 Possible states and energy of one fermion in two levels. First column: label for each
fermion state in the two levels. Second column: occupation of the single particule levels atal
b1b).. Third column: single particule energy associated to the states including the diagonal
exchange interaction. Last column: fermion spin along the z axis, M.

Jaa = J|@a(TD) 12 Goo = J126 (T2 Gas = J©% (1) 06 (77) (1.30)

where J is the exchange coupling constant of the material (either « for electrons
or (3 for holes).

In this simplified picture where we consider only one excited state, each of
the 4 fermion states (see table 1.2) can combine with the 6 Mn spin states, S,.
Therefore, there are as much as 6 times 4 states. In the case of a heavy hole we
can ignore, to first order, all the spin-flip terms in the Hamiltonian. In that case,
the 24 by 24 Hamiltonian can be written as 6 blocks of 4 by 4. Each block has a
well defined S, .

In a multi-level system, the general form of the hole-Mn Hamiltonian reads
[26]:

3.
Hn-nn =Y §Jij(ﬁ)[h;¢h9‘m — Rl hj).5. (1.31)

.3

where h;T (h;+) is the creation (annihilation) operator of a spin up hole in the

state i. h%hm is then the number of spin up hole in state i (either 0 or 1). This
Hamiltonian describes the scattering of the hole by the Mn ion considered as a
perturbation while conserving the hole spin, ]1](’!”_])) being the exchange matrix
element leading to scattering of a hole from state ¢ to state j by the Mn ion at
position 77. This scattering process depends on the spin state of the Mn, S, .

In the two levels models (a and b), each 4 by 4 blocks of the total Hamiltonian
can then be written as the sum of two terms, the intra-level part and the inter-
level part. The intra-level part comes both from the non-magnetic terms of the
Hamiltonian (energy § in our simple model) and the magnetic terms proportional
to either j,, or Ju:



40 Mn doped and singly charged II-VI semiconductor quantum dots

Energy (meV) Energy (meV)
2080 2081 2082 2083 2084 2033 2034 2035 2036 2037
] ] ] ] ] ] | ] ] ]
QD1 QD2 :
3 3
< 8
€ o
E £
T g
M
I
-3 -2 -1 0 1 2 -3 -2 -1 0 1 2
Energy (meV) Energy (meV)

Figure 1.20 Comparaison of theoretical and experimental spectra for two
QDs. Blue line: experiment circularly polarized spectrum. Dotted black line:
calculated dark exciton (hh,-2). Red line: calculated bright exciton (hh,+1).
The parameters used in the calculation are for QD1: A = 0.7 peV,

Dy =7 peV,a=0.32 peV, I.;, = =550 peV, I.prm = —70 peV,

Innen = 245 peV, App—1,=25 meV, 6,,=0,.=0, d54y=0, 654 yy=2.5 meV,

02 = 0 peV, ¢2=0, by=b,=b,=0, n = 20peV and for QD2: A = 0.7 peV,

Dy =7 peV,a=0.32 peV, I.,;, = =700 peV, I.prn = —50 peV,

Innen = 215 peV, App—1,=25 meV, 6;,=0,.=0, d54y=0, 54 yy=1.5 meV,

02 = 0 peV, ¢2=0, by=b,=b,=0, n = 25pueV. For both QDs, a thermalization
among the exciton-Mn energy levels with a temperature of T=40K is used.
The intensity distribution of the experimental spectrum of QD2 is affected
by a spin selectivity in the absorption of the QD excited state.

jaasz O 0 O
3 0 —JaaS- 0 0
Ho(S2) = 2 0 0 0 + JunS- 0 (1.32)
0 0 0 0 — JupS-

The inter-level Hamiltonian contains the terms by which a hole from level a
scatters to level b conserving the spin, since we ignore spin-flip terms:

0010
3 0001

V(S:) =5dwS: | | o o o (1.33)
010 0

It is possible to obtain simple analytical expressions from these Hamiltonian do-
ing non-degenerated perturbation theory. The unperturbed Hamiltonian of each
of the 4 by 4 blocks is H((S.) and the perturbation is V(S,). Through this per-
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turbation, this interaction with the excited state renormalizes the energies of the
ground state exciton-Mn complex. The standard expressions for the perturbed
energy levels reads:

VS
5= 2 Ba(s) - BNGS) (1.34)

In our two levels case we obtain:

3 1
SEL(S.) = (Zjap)*S? 1.35
1( ) (2] b) Z3/2jaaSz_(5+3/2jaaSz) ( )
therefore, to lower order in S, we can write:
9/415.0]?
SEL(S,) = —/|5“|s§ (1.36)

The origin of (1.36) are the virtual transitions of the holes from the low energy
level a to the higher energy level b.

This simplified model shows that, in first order, the energy correction coming
from scattering to excited states can be described in a spin effective Hamiltonian
by an additional term —nS? with n >0. The zero field spectrum of two CdTe
Mn doped QDs obtained with the total spin effective Hamiltonian including the
—nS? correction are compared in Fig. 1.20 with experimental spectrum. A very
good agreement is obtained, especially for the irregular spacing between the bright
exciton lines which is a direct consequence of the Mn induced scattering to excited
states.

1.2.6 Two Mn spins (or more) in a quantum dot.

Now that we have a detail understanding of the energy levels in a singly Mn-
doped QD, let us consider the case of two Mn atoms localized in the same QD.
As we will see in chapter 3, such system could be interesting for the design of
device allowing controlling optically the interaction between localized spins.

The spin structure of a 2 Mn QD is illustrated by the detailed spectrum of an
exciton presented in Fig. 1.21. The highest and lowest PL lines in the spectrum of
the exciton correspond to the total spin projection of the 2 Mn M, = S, ;45,2 =
+5 coupled to the bright excitons (41). The next lines correspond to the situation
where the less coupled Mn spin has flipped its spin projection component by one
unit (M, = +4). The emission structure becomes more complex as M, decreases
(towards the center of the emission structure) because different configurations of
the 2 Mn spins interacting with the exciton spin are very close in energy

This spectrum is compared in Fig. 1.21 to a model based on an effective spin
Hamiltonian. The spin interacting part of the Hamiltonian of a QD describing
the coupling of the electron spin &, the hole spin ], and two Mn spins 51 2 reads:
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Figure 1.21 (a) Experimental (left panel) and calculated (right panels)
spectra of an exciton exchanged coupled to 2 Mn in a QD. See text for
details of the calculations performed with I, 1=-55 peV, I, 1=150 peV,
Ic,2=-90 peV, I =270 peV, I, = —600 peV, an effective valence band
mixing parameter ps/A;,=0.025 and 6, = 0. A thermalization (effective
temperature T=40K) is included for X-2Mn. A broadening of the lines of
40 peV is included in the calculated spectra. (b) presents the calculated
spectra of X coupled to 2 Mn with ps/A;,=0.1 (right panel) and when a
third Mn atom with I. 3=-20 peV and I, 3=60 peV is introduced in the QD
(left panel).

H=07" (IeMn,l‘g; + IeMn,2§2) R (Ith,l‘STl + Ith,2§2)
+ 1., + 11,5,.5, (1.37)

where the hole pseudo-spin operators 3+, j_ and j,, represented in the basis of the
two low energy hh states, are given in equations (1.12), (1.13) and (1.14). I
(Iearn,i) is the exchange integral of the hole (electron) with the Mn atom i, I,
the electron-hole exchange interaction and I;5 the short ranged anti-ferromagnetic
Mn-Mn interaction. This latter coupling is only comparable with the carrier-Mn
energy when the two Mn are positioned closed to each other (I, 3r,=0.5meV for
neighboring atoms [52, 126]): it is neglected in the following because the carrier-
Mn interaction is different for the two atoms indicating that they are far apart
in the QD.



1.2 Mn atoms in a II-VI quantum dot 43

o
j=))
=
3
g
&
0.5
X b}
o
=)
=
0.0 &
o
=]
3
@
— 90°
—o 4-05
2
‘0
c
[}
= —-1.0
-
o
]
2052 2054 2056 2058 -2 0 2
Energy (meV) Energy (meV)

Figure 1.22 Left panel: Experimental linear polarization dependence of the
PL intensity of X exchanged coupled to 2 Mn atoms. The polarization angle
is relative to the [110] direction. The PL are presented for orthogonal linear

analyzer directions (red and black curves) and the linear polarization rate is
presented in blue. Right panel: Calculated linear polarization dependence of
the PL intensity of X with the same parameters as the one given in Fig.1.21.

The main feature (i.e. overall splitting, position of PL lines, linear polarization)
of the experimental spectra can be well reproduced by this spin effective model.
The QD presented here corresponds to a situation where the coupling with one
Mn is about twice the coupling with the other. This can be deduced from a
qualitative analysis of the structure of the low (or high) energy side of the PL
spectrum of the exciton. Starting from the low energy line (M, = £5), the second
PL line, 280 pneV above, corresponds to a spin-flip of the less coupled Mn spin
(S1) by one unit (M, = +4). Then a group of two lines, very close in energy,
are observed at slightly higher energy. The line which sits 560 peV above the low
energy states corresponds to M, = £3 where S; has flip by two units. It is very
close in energy to the states M, = +4 corresponding to a spin flip by one unit of
the Mn spin which is the most coupled to the exciton (S;), 500 peV above the
low energy state.

From this analysis of the splitting of the low energy lines, we can estimate in
the pure hh approximation (i.e. ps/A;;,=0) the exchange energy of the bright
exciton with each Mn spin S; and Si: Eg,=1/2(3I31 — I.1) =~ 280peV and
Es,=1/2(31;2 — I.2) ~ 500peV. However, these values do not gives an exact
measurement of the exchange energies. Indeed, these splitting are slightly per-
turbed by the influence of the scattering of carriers to an excited state of the QD
by the carrier-Mn coupling acting as a perturbation on the exciton wave function
[142]. Such perturbation is also present in the 2 Mn case.
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From these PL measurements at zero magnetic field, we cannot deduce the
ratio [, /I, and the electron-hole exchange interaction energy I.,. In the model
we chose typical values for Ij,/I. and I., measured in singly Mn doped QDs
[11, 92]. All the parameters used in the calculation are listed in the caption
of Fig. 1.21. To reproduce the overall splitting of the exciton (given in the hh
approximation by 5(1/2(311—1I.1)+1/2(31,2—1I.2))) and match the splitting of
the lines observed on both the low and high energy side of the exciton spectrum,
we use I.1=-50 peV, I, =150 peV, I.»,=-90 peV and I, =270 peV. A good
agreement is obtained with the energy distribution of the lines observed in the
experimental spectra confirming the presence of 2 Mn atoms exchanged coupled
with the exciton. If a third Mn atom interacts with the exciton, 6x36 emission
lines are expected. As the typical PL linewidth in CdTe/ZnTe QDs is larger than
50 peV, the detail of the emission structure of such QD cannot be resolved. A
broad emission line is obtained (calculated spectra presented in Fig. 1.21(b)) and
the 3 Mn case can be hardly distinguished from a QD containing a larger number
of magnetic atoms.

To reproduce the intensity distribution in the PL spectra, a thermalization on
the X-2Mn levels with an effective temperature T=40K is included in the model.
This effective temperature not far from the lattice temperature suggests a carrier-
Mn spin relaxation time longer but close to the lifetime of the exciton (let’s note
that an infinite temperature would corresponds to an absence of spin relaxation
and an effective temperature equal to the temperature of the lattice would mean
a spin relaxation much shorter than the exciton lifetime).

Figure 1.22 reveals the linear polarization rate which is observed in the center
of the X-2Mn PL spectra. This polarization can be explained by the presence of
a valence band mixing. Like in 1 Mn doped QDs, this mixing, combined with
the short range electron-hole exchange interaction, couples the bright excitons
+1 and -1 associated with the same Mn spins configurations and creates linearly
polarized eigenstates. This mechanism is more efficient in the center of the X-2Mn
PL structure where M, is smaller and the 4+1 and -1 exciton close in energy. The
linear polarization rate is well reproduced by the spin effective model (Fig. 1.22
(right panel)) for X-2Mn if a weak effective valence band mixing p,/A;;,=0.025 is
introduced. For large valence band mixing (with typically ps/A;, >0.1, which is
often the case in CdTe/ZnTe QDs), the valence band mixing also permit direct
coupling between bright and dark excitons through a hole-Mn spin flip. The model
shows (Fig. 1.21(b)) that in the 2 Mn case, such valence band mixing perturbs the
low energy side of the exciton emission spectrum. Additional PL lines mixed with
the bright exciton levels and energy gaps appear giving rise to a more complex
emission structure difficult to accurately compare with experiments.

1.3 Carrier controlled magnetism of individual Mn atoms.

We will discuss the influence of confined carriers on the magnetic properties of
the Mn atom. After a analysis of the emission of Mn-doped QDs in a transverse
magnetic field giving information on the anisotropy of the hole-Mn interaction,
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we will consider the effect on the Mn spin splitting of progressively adding carriers
in the QD.

1.3.1 Magnetic anisotropy of a Mn doped quantum dot

The effects of hole spin anisotropy on X-Mn coupling have been considered in col-
lective phenomena such as the formation of magnetic polaron involving individual
carriers and a large number of magnetic atoms [37, 133]. The observation of the
spin state of a single Mn atom interacting with a single exciton in a transverse
magnetic field allowed to monitor the orientation of the Mn spin in the exchange
field of the hole. This progressive orientation is responsible (i) for the decrease of
the overall splitting of the X-Mn structure and (ii) for the appearance of optical
recombination occurring with multiple spin flips within the Zeeman split ground
state of the Mn. This transverse magnetic field dependence is well modeled by
the evolution of the stationary states of a single Mn spin in the exchange field of
a heavy hole exciton.

The anisotropy of the exchange interaction in a Mn-doped QD is directly re-
vealed when comparing the magnetic field dependence of the emission in Faraday
and Voigt configurations. These are presented in Fig. 1.23(a) and (b). Under a
longitudinal magnetic field (B.,; || z), the quantization axis along the growth
direction is conserved (see Fig. 1.23(c)). The Mn spin projection is conserved
during the optical transition and there is no influence of the Mn Zeeman energy
on the emission spectrum. Only the exciton Zeeman splitting is observed for each
of the six zero field lines leading to the typical magnetic dependence observed in
Fig. 1.23(b).

The magnetic field dependence in Voigt configuration (Fig. 1.23(a)) is totally
different, revealing the anisotropy of the magneto-optic response of the system.
When increasing the transverse magnetic field (Be,: || ), each of the six lines
splits in a large fan. Many lines appear, crossing and then joining in different
sets. Five sets can clearly be observed: a central one that progressively takes all
the intensity and four replicas which linearly shift with B,,;. The intensity of the
replicas is very weak compared to the central line and decreases with the increase
of B..;- The energy spacing between these sets corresponds to an integer number n
of the Zeeman energy of the Mn atom (g, 15 Bes¢)- The linear shift of the replicas
is well reproduced with a Mn g-factor gy, =2.0 (left inset of Fig. 1.24). At high
transverse field, an additional emission line (X;) appears about 0.7 meV below
the central set (Fig. 1.24). Its intensity increases with increasing the magnetic
field and its energy follows the central set. Finally, the overall splitting of each
line set decreases progressively when increasing B,,;. This effect is particularly
clear for the central group of emission lines.

This complex magneto-optic behavior can be qualitatively explained by con-
sidering the precession motion of a single Mn spin in external and exchange
fields. Let us consider the demonstrative extreme case of a pure hh exciton
interacting with the Mn spin. It is convenient to introduce the two effective
exchange fields induced by the electron (Bg, ,,, = I.0/gunpis) and the hole
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Figure 1.23 (a) and (b) are contour plots presenting the magnetic field
dependence of a Mn-doped quantum dot emission. ((a) Voigt configuration,
(b) Faraday configuration) (yellow or light gray: high intensity; red or dark
gray: low intensity). (¢) and (d) are schemes of the spin orientations of the
electron (blue), the hole (red) and the Mn atom (green) in Voigt and in
Faraday configuration respectively.

(BL, vin = Inj/grmis)- In this framework, the spin effective Hamiltonian can be
rewritten as garn i ((Biy arm + Bl arm + Beat)-S) where we can define a resulting
effective magnetic field acting on the Mn spin By = B,y + Bl ary + Beat
Typical values of these exchange fields for the studied QDs are Bg, ,,, ~ 0.3T
and B!,/ ~ 1.8T.

Such exchange fields can also be defined to describe the electron behavior. The
e-Mn and the e-h exchange interactions are equivalent to effective magnetic fields
BMn ~ 3T and B!, , ~ 11T respectively. The e-Mn exchange interaction is small
compared to the other exchange energies and we can neglect its influence on the
spin orientation of the particles (electron and Mn). In this way, we can easily
define the total effective magnetic fields for the electron and for the Mn spin (see
Fig. 1.23(c))). Whereas the hh spin is blocked along the growth axis, the electron
and the Mn spins rotate about y when an external in-plane magnetic field B,
is applied along the x axis.

The orientation of the Mn spin is the key point in the understanding of the
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Figure 1.24 PL spectra under magnetic field in Voigt geometry. The left
inset presents the magnetic field dependence of the energy splitting between
the emission replicas n=1 and n=-1. This linear evolution corresponds to a
Mn g-factor gar, = 2.0. The right inset is an illustration the precession
motion of S in Besf = Begt + BZ%MTL.

Voigt magneto-optic behavior. Under an external magnetic field in Voigt geometry
(Bext || ), the Mn spin is oriented along x. After the creation of a confined
exciton, the Mn spin is rotated away from the x axis by the strong exchange field
of the hole B, ,;, || z and begins to precess with Larmor frequency around the
resulting effective field By = Begt + BY, 5, (right inset of Fig. 1.24) [152]. The
component of S(t) transversal to the field B.s relaxes within the time T5 which
corresponds to the dephasing time of the coherent precession of the magnetic ion
spin. The X-Mn complex will then further relax its energy within the time T;.
Under non-resonant excitation, because of the spin-spin coupling with the created
free carriers, Ty is found to be shorter than the exciton lifetime 7, [13]. After T},
the X-Mn complex reaches its stationary state with the Mn spin directed along the
effective field B.;r. When the exciton recombines, after a delay 7, the projection
of the Mn spin on B.,:, S, (7), differs from the initial value S,(0) = S(0) [152].
The energy of the emitted light in the recombination process is modified by the
energy spent (or win) to reorient the Mn spin, which is an integer number n of
energy steps of a single spin flip. These spin flips are responsible of the replicas
observed in the luminescence in Voigt geometry.

The probability of these spin-flips depends on the change in the quantization
axis direction during the recombination process. When an exciton is present in
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Figure 1.25 (a) Simulation of the magnetic field dependence of a quantum
dot emission in Voigt configuration. Under high field, several sets of lines are
observed, spaced by the Zeeman energy of the Mn atom. (b) Energy level
diagram of the Mn-doped quantum dot in a transverse magnetic field. The
quantization axis in the initial state (A) differs from the quantization axis in
the ground state (x). (c) Illustration of the rotation of a spin 5/2 with a
projection S4=3/2 by an angle « from an axis A to the = axis.

the QD we can define an effective quantization axis for the Mn spin, called A axis,
orientated along the sum of external and exchange fields. During the recombina-
tion, the Mn spin has to pass from an eigenstate of S, to an eigenstates of S,.
This corresponds to the projection of a spin 5/2 (Fig. 1.25(c)). The probability
of transition from a given spin state along the A axis, noted Sy, to the S, state
is given by the spin 5/2 rotation matrix [154]. Every excitonic state associated
with a given S, Mn spin can recombine on any of the S, final Mn spin states,
excepted when the two quantization axes are identical. Considering the energy
level diagram presented in Fig. 1.25(b), one notes that now the Mn Zeeman split-
ting influences the emission spectrum: Six optical transitions take place without
any influence of the Mn Zeeman energy (conservation of the Mn spin projection),
forming the n = 0 set; five with a gar,ptpBest shift (and five with —gas, 108 Bext)
forming n = +1 sets; four with a 29y, g Bes: shift ...etc. Under high transverse
magnetic field (B, > B", ,,,.), the initial and final quantization axes merge, the

ex,Mn

spin blockade is restored and only the transitions in which the Mn spin projection
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is conserved become possible. As observed in the experimental data, the replicas
disappears.

The rotation of the Mn spin in the fixed exchange field of the hole progressively
cancel the h-Mn exchange energy. Under high transverse magnetic field, electron
and Mn spins are both aligned with the x axis and only the e-Mn exchange
remains. This orientation of the Mn spin explains the decrease of the X-Mn
splitting clearly observed in the central set of emission lines. Moreover, as the
electron spin rotates and tends to be aligned with the x axis, radiative and
non-radiative excitons can no longer be defined. As in non-magnetic QDs, under
transverse magnetic field, dark exciton states (noted X, in Fig. 1.24) progressively
take some oscillator strength and appear on the low energy side of the bright
exciton structure.

A more quantitative model of the Voigt magneto-optic response can be per-
formed with Hamiltonian (1.23). As the optical recombination occurs after a
stationary state of the X-Mn system has been reached, a simulation of the
emission structure can be obtained by diagonalizing the Hamiltonian of the X-
Mn system in the subspace of a pure hh exciton. The obtained optical transi-
tions are presented in Fig. 1.25(a). The e-Mn (1.5, = —50ueV) and the h-Mn
(Inarm = 140peV) exchange interactions are extracted from the magneto-optic be-
havior in Faraday configuration. The e-h exchange integral I.;, = —460ueV (cor-
responding to dy = 700ueV directly observed under transverse magnetic field).
For the magnetic field dependence we choose pure isotropic electron (g. = —0.25)
and Mn (g, = 2.0) g-factors. The hole g-factor is completely anisotropic with
gi = —0.15 and g7 = g/ = 0. A diamagnetic factor v = 1.45ueV/T? is also
introduced. The initial and final eigenstates are calculated in the S, basis. In or-
der to obtain each transition intensity, we calculated the projection of the bright
exciton part of each eigenstate of the X-Mn system on the final state (Mn in a
transverse field). A thermal distribution in the excited states is also taken into
account with an effective temperature of T=30K. There is a good agreement be-
tween the experimental data and this simple model. The main characteristics are
well reproduced, namely the different sets of lines, their intensity evolution, the
number of line within each set and the appearance of the dark states at high
magnetic fields.

These experiments and modeling show that in the hh approximation or in the
limit of weak valence band mixing, the injection of a single exciton (or a hole) in
a QD doped with a single magnetic atom acts as a pulse of magnetic field along
the growth axis. This pulsed exchange field could be used to control the dynamics
of a single magnetic atom embedded in a QD.

1.3.2 Carriers induced spin splitting of a single Mn atom.

As a first step in the study of the influence of the number of carriers on the
magnetic properties of the Mn atom, we will compare the fine structure of the
exciton and biexciton in a single Mn-doped QD. Figure 1.26 shows the emission
spectra of one of these Mn-doped QD for various excitation densities. At low
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excitation, the spectrum is dominated by the six line fine structure of X-Mn. The
three additional lines, observed at low excitation intensity in the low energy side
of the emission structure (enlarge view in the inset of Fig. 1.26) are due to the
dark excitons.
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Figure 1.26 PL spectra of a single Mn-doped QD for different excitation
intensity. X-Mn denotes the exciton-Mn emission while X5-Mn corresponds
to the recombination of the biexciton-Mn states. The insets give a detail of
the X-Mn emission spectra at low excitation density (X-Mn corresponds to
the bright excitons and X4-Mn corresponds to the dark excitons) and the
evolution of the integrated intensities of X-Mn and X-Mn as a function of
the total emission intensity.

On increasing the excitation intensity, the emission of the biexciton coupled
with the Mn (X3-Mn) appears 11 meV below the exciton lines. Simultaneously,
the contribution of the transitions associated with the dark exciton states pro-
gressively vanishes. This evolution, already observed in non-magnetic QDs [10],
is due to the longer lifetime of the dark exciton states. The formation of the
biexciton acts as an efficient recombination channel for the dark exciton states
and decreases their direct PL contribution.

The magnetic field dependence of the exciton-Mn and biexciton-Mn transi-
tions energies are presented as a contour-plot in figure 1.27. For X-Mn, six lines
are observed in each circular polarization. Their energy follow the Zeeman and
diamagnetic shift of the exciton in non-magnetic QDs. The excitonic transitions
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Figure 1.27 Intensity contour plot of the magnetic field dependence of the
excitonic and biexcitonic transitions of a single Mn-doped QD. The bright
areas corresponds to the high PL intensity. The anti-crossings observed for
the exciton are symmetrically reproduced on the biexciton transitions.

present also around 7T anti-crossings coming from the mixing of the bright and
dark exciton states induced by a simultaneous e-Mn spin flips. The fine structure
of the exciton-Mn and the biexciton-Mn systems under magnetic field present a
perfect mirror symmetry. The anti-crossings observed on the high energy lines of
X-Mn in o— polarization are symmetrically observed on the low energy lines and
in 0+ polarization for X,-Mn (circles in Fig. 1.27) [91].

In a QD, the biexciton ground state is a spin-singlet state (J=0) and cannot be
split by the magnetic field or the spin interaction part of the carriers-Mn Hamil-
tonian [9]. In this simplified picture, the creation of two excitons in the same QD
cancels all the exchange interaction terms with the Mn. Thus, the fine structure
of the biexciton-Mn transitions is controlled by the final state of the recombi-
nation of the biexciton, i.e. the eigenstates of the exciton-Mn coupled system.
The optical transitions directly reflect this mirror symmetry of the energy levels.
Moreover, the intensity distribution of the X-Mn and X,-Mn transitions are both
controlled by the spin polarization of the Mn. The spin of the Mn is orientated
by the applied magnetic field. At high field, when the biexciton recombines, the
probability to leave in the QD an exciton coupled with a Mn spin component
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S.=-5/2 is enhanced. Therefore, in the two photons cascade occurring during the
recombination of a biexciton, the polarization of the Mn spin will enhance the
intensity of the high energy biexcitonic transition in o — polarization and the one
of the low energy single-exciton transition in o+ polarization. Symmetrically, the
emission intensity is concentrated in the low energy biexcitonic transition in o+
polarization and in the high energy single-exciton transition in o— polarization.

Let us consider more in details the exciton and the biexciton transitions at zero
magnetic field (Fig. 1.28(a)). As we have seen, if only the spin interaction part of
the carrier-Mn Hamiltonian is considered, the six bright X-Mn transitions should
be equally spaced in energy. In fact, an irregular structure is observed and the
energy spacing decreases from the low energy side to the high energy side of the
emission pattern. In the framework of the effective spin Hamiltonian model, the
transitions energies of X,-Mn are controlled by the energies of the X-Mn levels.
This means that the structure of the X-Mn and X,-Mn transitions should be
perfectly symmetric. Surprisingly, the X-Mn and X,-Mn transitions are found to
be almost identical and not symmetric. This directly shows that the biexciton-Mn
levels remain split and that their fine structure are not completely controlled by
X-Mn in the final state of the biexciton-exciton transitions.
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Figure 1.28 (a) Detail of the exciton-Mn and biexciton-Mn transitions at
zero magnetic field showing the irregular spacing of the transition energies.
(b) Biexciton energies (Ex,+Ex) and biexciton binding energies (Ex,-Ex)
deduced from the optical transitions presented in (a). The biexciton energies
scale is translated by 4065.225 meV.

The irregular spacing observed for X-Mn comes from a correction to the ex-
change energy terms due to a perturbation of the electron and hole wave functions.
It scales as -nS? (equation (1.36)). This perturbation also affects the biexciton-
Mn energies. Due to the presence of two electron-hole pairs, the perturbation of
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X5-Mn is twice the perturbation of X-Mn, as already noticed for the diamagnetic
shift. The biexciton-exciton transition will then reproduce exactly the perturbed
structure of the exciton-Mn system, as observed in the PL spectra at zero field.

For a given Mn spin component, the total energy of the biexciton-Mn complexes
can be directly deduced from the X-Mn and X,-Mn transitions energies at zero
field. For instance, in the case S,=+5/2, this energy is given by Ex,”+Ex°*. The
result obtained for all the different spin components are presented in Fig. 1.28(b).
As expected from the qualitative model developed in section (1.2.5), three biex-
citon energy levels are obtained with an overall splitting of about 110ueV. The
most stable biexcitonic complex is associated with a Mn spin projection S,==+5/2
corresponding to the largest exchange coupling with the exciton and consequently,
the largest perturbation in the exciton wave functions. This perturbation corre-
sponds to a parameter 1 =~ 18ueV. Despite this perturbation, the binding energy
of the biexciton (Ex° -Ex,?) is found to be almost constant. This binding en-
ergy comes from the balance of the attractive and repulsive Coulomb terms and
is not significantly affected by the presence of the Mn.

In summary, the analysis of the biexciton fine structure shows that the optical
injection of a controlled number of carriers in an individual QD allows to control
the spin splitting of a magnetic atom. The exchange interaction with a single
exciton acts as an effective local magnetic field which splits the Mn levels in zero
applied magnetic field. The injection of a second exciton almost completely can-
cels the carriers Mn exchange interaction and the Mn spin splitting is significantly
reduced. Let us now analyze the interaction with an individual carrier.

1.3.3 Electrical control of the magnetic anisotropy of single Mn
atom.

The two charge control mechanisms discussed for non-magnetic QDs (bias voltage
and resonant excitation combined with photo-depletion) presented in Fig. 1.29
allow to independently probe the interaction between individual carriers (electron
or hole) and an individual magnetic atom. Let us first consider the negatively
charged exciton. Fig. 1.30(a) presents a detail of the recombination spectrum
for X~ coupled with a single Mn atom obtained at zero bias under resonant
excitation. Eleven emission lines are observed with intensity decreasing from the
outer to the inner part of the emission structure.

A simple effective spin Hamiltonian quantitatively accounts for the emission
spectrum shown in Fig. 1.30(a). The emitting state in the X~ transition has two
conduction band (CB) electrons and one hole coupled to the Mn. The effect of
the two spin-paired electrons on the Mn is zero. Thereby, the spin structure of
the X~ state is governed by the interaction of the hole with the Mn. Let us, in
a first stage, neglect the valence band mixing. Later we will show its influence.
The twelve eigenstates of Hj,_ s, are organized as six doublets (Fig. 1.30(a)(b))
with well defined S, and j. (Mn and hole spin along the z axis). We label these
states as |S.,j.). Recombination of one of the CB electrons with the hole of the
X~ state leaves a final state with a single CB electron coupled to the Mn. The
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Figure 1.29 Color-scale plot of the PL intensity of a non-magnetic QD (a)
and a single Mn-doped QD (b) in a Schottky structure as a function of
emission energy and bias voltage. The series of emission lines can be
assigned to QD s-shell transitions, namely the recombination of the neutral
exciton (X), biexciton (X?), positively charged exciton (XT) and negatively
charged exciton (X 7). Detail of the PL of a single Mn-doped QD under
resonant excitation (E.,=2147 meV), non-resonant excitation (FE.,=2412
meV) and both resonant and non-resonant excitation.

spin Hamiltonian of this system is the ferromagnetic Heisenberg model, H._ s, =
IarS - 3. The twelve eigenstates of the Mn-electron complex are splitted into
a ground state septuplet (total spin J = 3) and a five-fold degenerate manifold
with J = 2. We label them all as |J, J,).

Thereby, for each of the six doublets of X~ there are two possible final states
after annihilation of an e-h pair, with either J = 2 or J = 3. From this consid-
eration alone, we would expect twelve spectrally resolved lines. Their weight is
given by both optical and spin conservation rules. Since electrons and holes reside
in s and p bands respectively, the AL = 1 optical selection rule is immediately
satisfied. The polarization of the photon imposes an additional selection rule on
AM which is accounted for by the spin of the electron and hole. The Mn spin
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Figure 1.30 (a) Detail of the unpolarized emission spectrum of the
negatively charged exciton (X ™) coupled with the Mn atom in QD3. (b)
Scheme of the o+ optical transitions of (X~ ,Mn) and their respective PL
intensity distribution (c).

is not affected by the transition. The weight of optical transitions between the
initial state |i) = (1,]). X |S.,j.) and the final state |f) = |.J, J.) is proportional
to: [(f|>_, P(o,j.)c.d;.|i)|* where ¢, annihilates a CB electron with spin o, and
d;. annihilates a VB hole with angular mommentum j,. Here P(o, j.) is given by
the polarization selection rule.

Let us consider, for instance, 0+ recombination transitions where the (J., )
e-h pair is annihilated. Each of the six doublets, characterized by their Mn spin
projection S, can be an initial state. After the electron-hole annihilation, the
resulting state is |S,,?T.) which, in general, is not an eigenstate of H._ys,. The
intensity of the optical transition to a given final state |J,J.) is proportional
to the overlap (J, J.|S.,1.), which is nothing but a Clebsh-Gordan coefficient
which appears in the composition of a spin 1/2 with a spin 5/2. The highest
energy transition, with o+ polarization, would correspond to the initial state (1,
)e X |+5/2, ) and a low energy final state |J = 3, J,). After the photon emission,
the state of the system is |S, = +5/2,7.) which is identical to |J = 3, Jz = +3)
and thereby gives the highest optical weight (Fig. 1.30(b)). In contrast, emission
from that initial state to |J = 2,.J,) is forbidden. The other five doublets have
optical weights lying between 1/6 and 5/6 with both |J = 2,.J,) and |J = 3, J.)
final states. Thereby, the number of spectrally resolved lines in this model is 11.

The relative weight of the emission lines is accounted for by the model. Ac-
cording to the final state, the transitions belong to either the J = 2 or the J =3
series. As the initial S, decreases, the overlap of | 7. S.) to the J =3 (J = 2)
states decreases (increases). As presented in Fig. 1.30(c), the PL of X~ can be seen
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as a superposition of two substructures: six lines with intensities increasing with
their energy position (transitions to J=3 states) and five lines with intensities
decreasing with increasing their energy position (transitions to J=2 states).

Reversing the role of the initial and final states, and neglecting the small cou-
pling of two holes to the Mn spin, this model should account for the emission
from X states. Actually, different energy splittings are observed for the differ-
ent excitonic species in the same QD. For instance, in Fig. 1.29(c) one measured
AFEx =123 meV, AEx_ = 1.36 meV and AFEx, = 0.95 meV. The energy split-
ting is mostly due to the Mn-hole exchange coupling, which in turn is inversely
proportional to the volume of the hole wave function. The difference between
AFEx, and AFEx_ indicates that a significant fraction of the confinement of the
hole comes from the Coulomb attraction of the 2 electrons in the initial state
of the X~ emission. In contrast, in the final state of the X+ emission, there is
no electron to attract the hole, resulting in a spread of the hole wave function
and a smaller exchange energy. This difference appears directly in the emission
structure shown in Fig. 1.29, where the peak structure of X is not well resolved.

In Fig. 1.31(a) we show the intensity of X~ emission as a function of the
direction of a linear analyser. It is apparent that the central lines are linearly
polarized. This polarization can only be understood if we allow for some spin-flip
interaction between the Mn and the hole induced by the valence band mixing.
Provided that ps/A;, << 1, the effect of this interaction is small both on the
wave function and on the degeneracy of all the doublets except the third, which is
split, as illustrated in the inset of Fig. 1.31. The split states are the bonding and
antibonding combinations of |S, = —1/2, ) and |S, = +1/2,{},). These states
are coupled, via linearly polarized photons, to the |2,0) and |3,0) e-Mn complex
and four linearly polarized lines should be observed on the emission spectra as
shown in the insets of Fig. 1.31(c) and (d). Polarization directions are controlled
by the distribution of strains through the Bir-Pikus Hamiltonian.

We can obtain numerical values of Iy, Learm and pgs /Ay, for the charged exci-
tons comparing the transition probabilities calculated with the model (Fig. 1.31(c))
to the experimental data. The electron-Mn exchange integral I.,;, is deduced
from magneto-optics measurements on the neutral exciton. I, is then chosen
to reproduce the overall splitting of the two charged species emission structure.
There is a good agreement between the experimental data (QD presented in
Fig. 1.29(c)) and the spin effective model with 1.5, =-40peV, 1)1, (X)=150ueV,
Tnarn (XT)=95ueV and I;5,,(X7)=170peV. The different values of I, directly
reflect the expected variation of the confinement of the hole. The main character-
istics of the emission spectra are well reproduced, namely the number of emission
lines, their intensity distribution and the linear polarization structure, with a
slight valence band mixing coefficient p,/A;;, = 0.05. This small value of the va-
lence band mixing coefficient shows that hole-Mn exchange interaction remains
highly anisotropic.

When a magnetic field is applied along the growth axis, the complex fine struc-
ture of the charged exciton observed at zero field progressively disappears and an
emission structure similar to the exciton under magnetic field is restored: six lines
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Figure 1.31 Color scale plot of the dependence of the PL of (X~,Mn) (a)
and (X*,Mn) (b) on the direction of a linear analyzer, in QD3. Three lines
in the center of the structure are linearly polarized. (c¢) and (d): calculated
linearly polarized PL spectra of (X~ ,Mn) and (X* ,Mn) with exchange
integrals I.ps, and Ij,a7,, chosen to reproduce the overall splitting for X+ and
X~ presented in (a) and (b). Transitions are arbitrarily broadened by
10peV. The schemes in (c) and (d) show energy levels involved in (X~,Mn)
and (X*,Mn) recombination with valence band mixing. The central inset
presents the energy level scheme of the h-Mn system without and with
valence band mixing (VBM).

are observed in each circular polarisation. This change in the emission structure
is due to the influence of the magnetic field on the coupled electron and Mn spins.

A longitudinal magnetic field (B.,; || z) conserves the quantization axis im-
posed by the hole spin in the initial state of X~ optical transition. The six energy
levels in the initial state are only split by the g-factor of the Mn and the g-factor
of the hole. However, in the final state (e coupled to Mn), the increase of the
external magnetic field perturbs the electron and Mn spins exchange coupling.
When the Zeeman splitting of the Mn exceed the e-Mn exchange energy, the
spherical symmetry of the e-Mn system is destroyed and the electron and Mn
spins are quantized along the external magnetic field. At high field, both the
hole-Mn and the electron-Mn systems are quantized along the external magnetic
field (growth direction). The Mn spin projection S, is conserved during the op-



58 Mn doped and singly charged II-VI semiconductor quantum dots

2076.0 2076.5 2077.0 20775 2078.0 20785 2079.0
Energy (meV)

BT

-15 -1.0 -05 0.0 05 10 15

+5/2
+3/2
+1/2
-12
-312

-512

Figure 1.32 (a) Contour plot presenting the magnetic field dependence of
the negatively charged exciton in QD3 in Faraday configuration (yellow:
high intensity, blue: low intensity) in o and o— polarization. (b) Calculated
magnetic field dependence using the effective spin Hamiltonian described in
the text. (c¢) Scheme of the e-Mn energy levels for different condition of
magnetic field. The red circles indicates the levels coupled by a simultaneous
e-Mn spin flip.

tical transition and, as for the exciton, six emission lines are expected in each
circular polarization.

At intermediate field, when B,,; is almost equal to the effective exchange field
induced by the electron (B¢, »,, = I.0/gunits), there is a transition between the
isotropic e-Mn coupled system at B.,;=0 and the fully quantized system at high
field. In this intermediate regime, anticrossings are successively observed on five
of the emissions lines (red circles in Fig. 1.32(a)). These anticrossings are due to
simultaneous spin-flip of the electron and Mn spins coupling two sates of the form
|S.,Te) and |S, + 1,].). These states are split by the e-Mn exchange coupling
and at B.,;=0T belong to the J=2 or J=3 sets. As illustrated in Fig. 1.32(c)
these two sets are split by the magnetic field and conserve their J=2 and J=3
behavior as long as the Zeeman energy is weaker than the e-Mn exchange energy.
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When B.,~B¢, ,,, the spherical symmetry is broken and the states |S., 1) and
|S. +1,].) are mixed, giving rise to the anticrossing observed in the emission of
X,

This magnetic field dependence is well described by the spin effective Hamil-
tonian Hp—_nrm + He—nin + Hinag, Where H,,q, gives the Zeeman energy of the
electron, hole and Mn. The results of the calculation using the parameters de-
duced from the zero field structure of X~ (Fig. 1.31) are presented as a contour
plot in Fig. 1.32(b). The overall structure and the five anticrossings are well
reproduced.

1.4 Summary and conclusion

Through the study of the structure of the emission of neutral (exciton, biexciton)
and charged (positively and negatively) excitonic complex, we have shown that
the magnetic properties of a Mn atom strongly depends on the number of carriers
confined in the QD. For a neutral QD, there is a direct correspondance between
the state of a photon emitted by the QD and the spin state of the embedded
Mn atom. However, this direct correspondance can be perturbed by valence band
mixing induced by the shape and strain anisotropy of the QD. We will see in the
next chapter how we can use these optical properties to optically control the spin
state of on individual Mn atom and probe its dynamics.
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Optical control of spins in a quantum dot:
from diluted nuclear spins to an individual
magnetic atom.

In Chapter 1, we discussed the basic optical properties of neutral, singly charged
and magnetic II-VI QDs. We will show now how individual QDs can be used to
control and access the spin dynamics of an individual carrier, an individual Mn
atom or an ensemble of nuclear spins. Optical spin injection from a QD excited
state will first be used to perform an optical orientation of a resident electron spin
and of the diluted nuclear spin bath in singly charged QDs. The spin dynamics
of coupled electron and diluted nuclear spins I=1/2 will be discussed. We will
then show that the injection of spin polarized carriers in a QD can be an efficient
tool to prepare the spin state of one or two Mn atoms. After an analysis of the
influence of the quantum fluctuation of an individual Mn spin on the statistics
of the photon emitted by a QD, we will present optical orientation and resonant
optical pumping experiments allowing probing the dynamics of an individual Mn
spin. We will in particular show that the efficiency of optical preparation and the
spin memory of the Mn atom at weak magnetic field is mainly controlled by the
fine and hyperfine structure of the Mn atom. We will finally demonstrate that we
can use the optical Stark effect under a strong resonant optical field to optically
modify the fine structure of the Mn atom. This strong coupling with the laser
field is an additional tool to influence the Mn spin dynamics.

2.1 Electron-nuclei spin dynamics in a II-VI quantum dot

We summarize here an experimental study of the dynamics of coupled electron
and nuclear spins in a CdTe/ZnTe QD and compare it with the commonly studied
III-V QDs. In contrast to gated structures where the number of resident charges is
controlled by an applied voltage, we use the characteristic spectral feature of the
charged exciton triplet state observed in PLE to identify QDs containing a single
resident electron. Non-resonant circularly polarized excitation of the negatively
charged exciton will be used throughout this study to build-up and probe dynamic
nuclear spin polarization (DNSP). In II-VI QDs, the Overhauser shift is much
smaller than the photoluminescence linewidth and cannot be observed directly:
The nuclear field will be detected through the polarization rate of the resident
electron which is controlled by the nuclear spin fluctuations (NSF).

We will first present a model for the expected nuclear spin-polarisation in I1I-VI
QDs and derive orders of magnitude for the effective hyperfine fields encountered
in this system. Secondly, we will discuss the mechanism of build-up of negative

60
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circular polarization in singly charged CdTe/ZnTe QDs. We will then describe
how the polarization of nuclear spins influences the spin dynamics of the confined
electron. The dynamics of nuclear spin polarization will then be considered. Fi-
nally, we will present and discuss results of coupled electron/nuclei spin decay in
the absence of optical excitation.

2.1.1 Nuclear spin polarization in II-VI quantum dots

In a singly charged QD under the injection of spin polarized electrons, a nuclear
spin polarization builds up by integration over many mutual spin flip-flops of
the confined electrons and the lattice nuclei. This nuclear magnetic field modifies
the coherent electron spin dynamics and consequently the average polarization
of the PL of the X~. The knowledge of the nuclear spin polarization can then
be used to estimate the resident electron spin polarization. In this section, we
want to estimate the order of magnitude of the nuclear spin polarization that
can build-up in a II-VI QD and its influence on the spin dynamics of a confined
electron.

The dominant contribution to the coupling between the confined electron and
the nuclear spins originates from a Fermi contact hyperfine interaction. This
interaction can be written as [118]:

, lo_+1'co
th = VOZA{‘w(Ri)P(I;Uz + %) (2.1)

where R; is the position of the nuclei ¢ with spin I* and hyperfine interaction
constant Al. o and I' are the spin operators of the electron and nuclei respectively.
vy is the volume of the unitary cell containing Z=2 nuclei (one Cd and one Te).
This Hamiltonian can be decomposed in a static part affecting the energy of
the electron and nuclear spins and a dynamical part proportional to (I{o_ +
I' o), allowing for the transfer of angular momentum between the electron and
nuclear spin system. The static part of the hyperfine interaction leads to the
notion of effective magnetic field, either seen by the electron due to the spin
polarized nuclei (Overhauser field B y), or by a nucleus at position R; due to a

spin polarized electron (Knight field E’e) These fields are defined by the electron-
nuclei interaction energy:

Hyy = ge,ugﬁ.?]v = — Zu}?Lﬁé (2.2)

where g, is the Lande factor of the electron and u% the magneton of nucleus i
with spin I defined by u® = hvyil with v¢ the gyromagnetic ratio of the nucleus
i.
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Overhauser field in a CdTe/ZnTe quantum dot

The maximum Overhauser field resulting from a complete polarization of the
nuclei, BY**, is defined by intrinsic parameters characterizing the material and
the hyperfine interaction inside the material [137, 100]. The Overhauser field can
be written as:

Lo

> Allp(R) (I (2.3)

gellB P

By =

where the sum runs over Ny, the number of nuclei carrying a spin I. When all the
Cd and Te nuclear spins are polarized and if we assume a homogeneous electron
wave function (R) = /2/(voNg), with Nz the total number of nuclei in the
QD, the nuclear field reads:

Bjnvlam — L(ICdACded + ITeATepTe) (24)
gedB
The nuclear spin of Cd and Te are [¢?=I7°=1/2 and their corresponding abun-
dance p! = N;/Np are p©? = 0.25 and p™® = 0.08 (see table 2.1). Taking the
hyperfine coupling constants A9? ~-31ueV, AT ~-45ueV from [137] and an av-
erage electron Lande factor g, ~ —0.5 [9, 93], we obtain B}** ~200mT.

Table 2.1 Isotopic abundance, nuclear spin I and magneton of the nucleus uy for Cd and Te
alloys [62]. g is given in unit of the nuclear magneton py .

Abundance (%) I s
Hlcg 12.75 1/2 —0.5943
13¢q 12.26 1/2 —0.6217
123pe 0.87 1/2 —0.7357
125 e 6.99 1/2 —0.8871

The Overhauser field really obtained in a QD under optical pumping, By, is
proportional to the average nuclear spin polarization (I,) and reaches B3** when
(I.)=1/2. As the electron Lande factor in CdTe/ZnTe QDs is negative and the
hyperfine constants are negative, the sign of By is fixed by the sign of (I,) which
is given by the average electron spin polarization [104, 137] (S,) along the QD
growth axis z ((S,)=1/2 for fully polarized spin up electrons). In the present
study, the resident electron is pumped down ((S.) <0) for a o+ excitation (spin
| 1) electron) in the presence of a positive external magnetic field. Thus, a o+
excitation leads to an Overhauser field, By, antiparallel to the applied magnetic
field (By < 0).
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Knight field in a CdTe/ZnTe quantum dot

At zero external magnetic field, the formation of a nuclear spin polarization is only
possible if the effective field induced by the electron spin on the nuclei exceeds the
local field B, created by the nuclear dipole-dipole interaction [104]. The Knight
field is inhomogeneous across the nuclear ensemble because the electron wave
function is not constant across the QD. In the core of the QD where the Knight
field is the strongest, the spin diffusion induced by the nuclear dipole-dipole
coupling is suppressed and it is there that the nuclear spins may become polarized.
The magnitude of the time averaged Knight field for a nucleus with a hyperfine
constant A’ at the position R; is given by

B = —uoiwmi)ﬁ«s»fe) (2.5)

where f. is the probability that the dot is occupied by an electron. Consid-
ering a constant electron/nuclei overlap (homogeneous wave function ¢(R) =

2/(voN1)) one can obtain [118, 98] the maximum Knight field for nuclei with
a hyperfine constant A’:

Al
NLMI

B = — (2.6)

With pcq =~ —0.6 and a total number of nuclei in the QD assumed to be
Np ~ 8 x 10%, B™* ~ 100 mT is derived for Cd nuclei. A Knight field of 10mT
is typical for InAs/GaAs QDs [84]. The difference is a consequence of the smaller
QD size in II-VI materials. However, B, follows the distribution of the electron
wave function in the dot leading to a nuclear site-dependent field varying across
the dot and in optical pumping experiments, only a weighted-averaged value of
the Knight field can be accessible.

Dynamic nuclear spin polarization

Under circularly polarized CW excitation, the rate equation describing the nu-
clear spin polarization I, in a singly negatively charged QD can be written as

[1]:

oI 1 .4 1 1
z = I+ 1)Sy—1)— —1, — —1, 2.7
8t Tle (3 ( + ) 0 ) Tdd TT ( )

The last term on the right side of the equation accounts for any spin relaxation
mechanism except the dipole-dipole interaction between nuclei which is described
by the relaxation time T,. The first term corresponds to the transfer of angular
momentum between the spin of the electron and the nuclear spin bath, with
Sy the polarization rate of the injected electrons and T, the probability of an
electron/nuclei spin ”flip-flop” given by [136]:
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11 1
Tve T21+4 (AE.z/h)%r2

(2.8)

T, is the correlation time of the electron/nuclear spin interaction [1]. AE,.; =
geltn(Best + By) is the electron Zeeman splitting which depends on the exter-
nal magnetic field, B.,;, and the effective nuclear field By. This term provides
a feedback process mechanism between the spin transfer rate and the nuclear
polarization leading to the enhancement of flip-flop processes when By reduces
the electron Zeeman splitting. This feedback is responsible for the bi-stability in
the nuclear spin polarization observed under magnetic field in InAs/GaAs QDs
[42, 136, 100]. T7, is given by:

1 Enf .,
_— = —_— 2~
Tl(]e feTe( h ) ( 9)
with
Enp = v Aj[¢(R))[? (2.10)

the interaction energy between the electron and nuclear spin I at position R;. T},
corresponds to the nuclear spin relaxation induced by the electron at zero electron
splitting. For a homogeneous electron wave function (¢(R) = /2/(vyNyz)), we
obtain 1/TY, = f.1.(2A!/(Nph))%.

The contribution of the dipole-dipole interaction to the relaxation process is
given, in the presence of an external magnetic field, B, by:

11 B? 2.11)
Tdd B ng (Bemt + Be)2 + Blz ‘

where B; is the local field describing the nuclear spin-spin interaction and TY,
the characteristic time of this interaction at zero field [40, 27, 55]. This formula
describes the acceleration of the nuclear spin relaxation when an applied magnetic
field compensates the Knight field.

The magnetic field dependence of the nuclear spin polarization for a single
family of nuclei with an average hyperfine coupling A,,=-40ueV and abundance
Paw=16% obtained by a numerical determination of the steady state of the rate
equation (2.7) is presented in Fig. 2.1. In this model, the electron wave function
is described by a Gaussian function in the QD plane and a constant function in
the z direction:

1 1 _»2
Y(p,z) = ——=——e€ 22 (2.12)
VL. &V
where L, is the thickness of the QD and & the lateral extension of the electron
wave function. For the numerical calculation, the Gaussian wave function is ap-
proximated by a 7 steps function (inset of Fig.2.1) and the 7 coupled differential
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Figure 2.1 Nuclear spin polarization obtained from equation (2.7) for a
single family of nuclei with an average hyperfine coupling A,,=-40ueV and
abundance pa,=16% and with the parameters: f.=0.4, So=-0.4, T,=5pus,
B;=2.5mT, d=2.5nm, £&=5nm, 7.=5ns, T,,=5ms. The inset shows the
approximation of the Gaussian electron density with {=5nm and L,=2.5nm
by a step function used in the numerical calculation.

equations corresponding to the 7 families of nuclear spins (i.e. with different
Knight fields) are solved simultaneously.

The acceleration of the dipole-dipole interaction between the nuclear spins
when the external field compensate the Knight field is responsible for the decrease
of the nuclear spin polarisation observed at low negative magnetic field (between
B, =~ —50mT and B, ~ —100mT ). The position of this minimum depends on
the average electron spin polarization and is a measurement of the mean value
of the Knight field. The nuclear spin polarization does not drop to zero because
of the inhomogeneity of the Knight field: the condition B,,, = 0 is satisfied only
for a small number of nuclei at any given B.,,. Provided B, >B;, the majority
of nuclei experience negligible change in depolarization.

The feedback process occurring when the Overhauser field compensates the
applied magnetic field leads to a strong increase of the nuclear spin polarization
at low positive magnetic field (B, ~ 50mT’). This resonant effect is enhanced by a
long electron correlation time 7., i.e. a weak broadening of the electron transition.
This time of free coherent electron-nuclei precession is likely to be controlled in
our experimental condition (i.e. chemically doped QDs under CW excitation) by
the non-resonant optical injection of an electron-hole pair: we chose 7, = 5ns in
the calculation presented in Fig.2.1.

The important variations of the nuclear spin polarization observed in Fig. 2.1
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for a small varying magnetic field around B,=0T are expected to significantly
influence the spin dynamics of the resident electron. In particular, an increase
of the relaxation rate of the electron spin should be observed when the external
magnetic field compensates the Overhauser field increasing the influence of the
fluctuating nuclear field.

2.1.2 Electron spin optical orientation

As a probe of the resident electron spin orientation, we use the amplitude of
the negative circular polarization of the charged QDs for an excitation above
the triplet states of the charged exciton [31, 68, 19, 131]. In the case of X,
the circular polarization of the emitted light reflects both the spin of the resi-
dent electron before the absorption of a photon and the spin of the hole before
emission. Negative polarization of X~ implies that the hole spin has flipped prior
to recombination and that a spin flipped hole contributes to the X~ formation
with a higher probability than a non-flipped hole. This process can also lead to
an optical pumping of the resident electron spin [89]. The observation of nega-
tive circular polarization does not necessarily mean that the resident electron is
polarized but a variation of its polarization will cause a change in the negative
circular polarization rate.

The presence of optical pumping of the resident electron is confirmed by the
power dependence of the negative circular polarization rate obtained under CW
excitation (Fig. 2.2(a)). As the pump power intensity is increased, we observe
a rapid growth of the negative circular polarization with a saturation at about
-55%. This reveals the progressive orientation of the resident electron spin by the
exciting beam.

This electron spin memory can be significantly erased by a weak magnetic
field (see Fig. 2.2(b)) applied in the plane of the QD. At B,~ 0.17, all the
contribution of the electron spin polarization to the negative circular polarization
rate has disappeared. Despite the weak transverse component of the hole g-factor,
a further increase of the transverse magnetic field can induce a precession of the
confined hole spin during the lifetime of the negatively charged exciton. At high
field, this precession depolarizes the hole spin and finishes to destroy the average
negative circular polarisation of the X . This effect is observed in Fig. 2.2(b)
as an oscillation of the polarization rate for a transverse field larger than 0.1T.
This oscillation corresponds to the first period of precession of a spin polarized
hole injected at ¢ = Ons. The decrease of the polarization rate at long time delay
corresponds to the late recombination of spin flipped holes stored as dark excitons
in the triplet state of X (see reference [89] for discussion of spin injection).

The dynamics of the pumping and relaxation of the resident electron spin can
be estimated through the time evolution of the polarization rate when the QD is
excited by a sequence of two circularly polarized ps laser pulses. The results of
the experiments using equal intensities for the two pulses are shown in Fig. 2.2(c).
When the QD is excited with circularly co-polarized pulses (ii), a large average
negative circular polarization is observed for both PL pulses. However, in the case
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Figure 2.2 (a) Evolution of the degree of circular polarisation as a function
of CW excitation power. Empty circles are zero field measurements, filled
circles are measurements in a transverse magnetic field B,=0.13T. (b)
Time-evolution of the degree of circular polarisation under pulsed (2ps)
quasi-resonant excitation for different transverse magnetic fields. (c)
Time-evolution of the degree of circular polarisation with a
two-pulse-excitation sequence: the pulses are separated by 2ns. (i) is
obtained with cross-polarized pulses at zero field. (ii) is obtained with
co-polarized pulses at zero field. (iii) is obtained with co-polarized pulses
and a transverse magnetic field B,=0.13T.

of excitation by cross-polarized beams (i), the average PL polarization vanishes.
These results directly demonstrate that the spin orientation created by the first
pulse affects the polarization of the PL excited by the second one. It means that
after recombination of the e-h pair, the information about the polarization of the
excitation is stored in the orientation of the resident electron spin. In addition, we
notice that the polarization rate is identical for the two pulses in the excitation
sequence. As these pulses are separated in time by either 2ns or 11ns this suggest
that the relaxation time of the electron exceeds by far the laser pulses repetition
rate (= 13ns). Consequently, the resident electron can be fully depolarized by a
weak transverse magnetic field. A significant decrease of the negative polarisation
rate is observed for both pulses in a transverse field B,=0.13T (iii) confirming the
influence of the optical pumping of the electron spin on the negative polarization
rate.
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Dynamics of the electron spin orientation

In the presence of optical pumping, the degree of negative circular polarization
of X~ reflects the spin polarisation of the resident electron. The dynamics of
its optical orientation can then be revealed by the observation of the negative
polarization rate under modulated circularly polarized excitation. As presented
in Fig. 2.3(a), the negative polarisation strongly depends on the modulation fre-
quency: an increase of the degree of circular polarisation when the modulation
frequency is decreased is observed at B=0T. This modulation frequency depen-
dence is canceled by a magnetic field of B,=0.16T applied along the QD growth
axis. As already observed in InAs QDs, this behavior is a fingerprint of the cou-
pling of the electron to a fluctuating nuclear field [110].

The QD contains a finite number N; of nuclei carrying a spin, which means that
statistically, the number of spins parallel and antiparallel in any given direction
differs by a value y/N;/3. The result is an effective magnetic field By, oriented in
a random direction. This field will induce a precession of the spin of the electron
for every B; not aligned along the QD growth axis z. By can be estimated,
for a CdTe QD. Assuming a homogeneous envelope-function for the electron

(Y(R) = +/2/(roNL)), By is given by [40]:

2
B} = m(ICd(ICd + 1) A% pca (2.13)

+IT€(IT€ + 1)A§’epT€)

Forom our estimation of N, = 8000 one obtain By ~ 12mT. The electron
spin precession frequency in the frozen nuclear spin fluctuation By ~12mT is
~80MHz. This frequency can be smaller than the rate of optical injection of the
spin polarized carriers at high excitation intensity allowing an optical pumping
of the electron spin even in the presence of nuclear spin fluctuations.

At high modulation frequency of the polarisation and low excitation intensity,
a dynamic nuclear spin polarisation does not have time to build-up. Over time
scales less than 1 us, the electron is exposed to a snapshot of By where the nu-
clear spin configuration remains frozen. In the absence of an external magnetic
field, only this internal field B=B; acts on the electron. For a randomly ori-
ented nuclear spin system, the electron spin polarization quickly decays to 1/3
of its initial value due to the frozen nuclear field [106]. This decay is not a real
relaxation process as the electron coherently evolves in a frozen nuclear spin con-
figuration. On an averaged measurement, a fast decay of the electron polarization
on a characteristic timescale ¢t ~ h/(g.ppBy) is expected [106]. In the absence
of nuclear spin polarization, the influence of the fluctuating nuclear field can be
suppressed by applying an external magnetic field. For sufficiently large external
fields, the nuclear spin fluctuations does not contribute significantly to the total
field, B;ot=B..:+By, and the electron-spin polarization is preserved.

At small modulation frequencies of the polarization or under CW excitation,
nuclei can be dynamically oriented through flip-flop with the spin polarized res-
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Figure 2.3 (a) Evolution of the NCP with the frequency of the o+ /o—
modulation of the excitation laser tuned on an excited state above the
charged exciton triplet states at zero magnetic field and at a field B,=0.16T
applied along the QD growth axis z. Time-evolution of the o+ PL excited
alternatively with o+ or o— light for different magnetic fields applied in
Faraday geometry (b) and for different excitation intensities and a fixed
magnetic field B,=0.19T (c). (d) Time-evolution of the o+ PL excited
alternatively with o+ and o— light trains. The excitation sequence are
displayed above the spectrum. The inset is a zoom on the fast transient at
short time delay.

ident electron. This nuclei orientation leads to the formation of an Overhauser
field, By along the z axis, which may be much larger than the in-plane component
of the fluctuating field (By). The electron now precesses around a nuclear field
whose z component dominates: the result is an increase of the average electron
spin polarization compared to the case of a totally randomly oriented nuclear
spin system. The effect of the Overhauser field is similar to an applied magnetic
field along the 2 axis allowing an optical orientation of the electron spin even at
low excitation power.

This influence of the nuclear spin fluctuations on the optical pumping of the
electron is confirmed by the magnetic field dependence of the time resolved polar-
isation rate obtained at high modulation frequency (Fig. 2.3(b)). The increase of
the polarization rate and the appearance of a transient with an applied external
magnetic field along z reflects an increase of the optical pumping efficiency of the
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electron [45]. This optical pumping, which takes place in a few tens of ns, is pro-
moted by the presence of the external field which can dominate the fluctuations
of the Overhauser field [121]. This short timescale component in the dynamics
of the polarization of the spin of the electron becomes faster with the increase
of the optical generation rate of spin polarized carriers and reach the ns range
(Fig. 2.3(c)).

Similarly to the application of an external magnetic field, the build-up of a
DNSP favors the electron spin polarization. This is confirmed by the following
experiment: in Fig. 2.3(d), the o+ PL has been time-resolved using the two
different excitation sequences displayed on each spectrum. In the sequence (ii),
the excitation pulses are of equal length and power, and are short enough to
prevent the creation of DNSP. In sequence (i), the difference of pulses length
allows the creation of DNSP. The measurements show two striking differences.
First, the average circular polarisation, given by the difference of the PL intensity
obtained under o— and o+ excitation, is higher in (i) than in (ii). Second, the
PL of (i) exhibits a fast PL transient at short delay reflecting an optical pumping
of the electron spin (detail of this transient is shown in the inset of Fig. 2.3(d)).
These two features demonstrate that the Overhauser field created in (i) is strong
enough to block the longitudinal decay of the electron spin by the fluctuating
nuclear field.

2.1.3 Nuclear spin optical orientation

Built-up of the nuclear spin polarization

Direct evidence of the build-up of a DNSP can be observed using sequences of
pulses of long duration (tens of us). As displayed in Fig. 2.4(a), the o+ PL
recorded under o+ excitation presents first a fast transient with a drop of the in-
tensity due to the orientation of the resident electron spin (a zoom of the transient
at short delay is presented in Fig. 2.4(b)). Then, a slower transient is observed:
the o+ PL increases during a few us reflecting a decrease of the absolute value
of the negative polarisation (i.e. of the spin polarization of the resident electron)
before it decreases again. This evolution has been predicted by M. Petrov et al.
[122] and results from a destruction of the Overhauser field created at the end
of the o— excitation pulse, and a build-up of an Overhauser field in the opposite
direction under o+ excitation. During this process, the amplitude of the Over-
hauser field becomes zero and the electron spin is strongly affected by the nuclear
spin fluctuations By.

As presented in Fig. 2.4(d), the speed of the destruction and build-up of the
nuclear polarization strongly increases with the increase of the excitation power.
Simultaneously, the average negative polarisation of the X, given by the inten-
sity difference of the PL obtained under o+ and o— excitation, increases. This
effect is also directly observed in the modulation frequency dependence of the
polarization rate displayed in Fig. 2.4(c). The modulation frequency required to
suppress the nuclear spin polarisation (i.e. to decrease the absolute value of the
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Figure 2.4 (a) Time-evolution of the o+ PL excited alternatively with

o+ /o— light trains. The excitation sequence is displayed above the
spectrum. (b) Zoom on the transient corresponding to the optical pumping
of the electron. The time-evolution of the o— PL recorded in the same
conditions of excitation is also displayed.(c) Dependence of the the degree of
circular polarisation of the QD PL on the frequency of the o+ /o—
modulation of the light for different excitation power. (d) Time-evolution of
the o4 PL excited alternatively with o4 /o— light for different excitation
power.

polarization) increases with the excitation intensity. At low excitation intensity,
a formation time of the nuclear spin polarization of about 50us can be estimated
from the modulation frequency dependence of the negative circular polarization
[110]. This is faster than in InAs/GaAs QDs where a pumping time ranging from
a few hundreds us to 10 ms have been reported depending on the experimental
conditions [100, 38]. At hight excitation power, the pumping rate of the nuclei
becomes faster than the polarization modulation frequency and a stable negative
polarization of about -50% is obtained (Fig. 2.4(c)). An increase of the value of
the negative polarization with the excitation intensity is also observed suggesting
an increase of the average nuclear spin polarization and Overhauser field with
the excitation intensity.
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Magnetic field dependence of the nuclear spin polarisation

A typical magnetic field dependence of the polarization rate of a singly charged
QD under CW circularly polarized excitation, in the optical pumping regime, is
presented in Fig. 2.5: Fig. 2.5(a) focuses on the Faraday geometry while the Voigt
geometry and the influence of the modulation frequency of the polarization of the
excitation beam are presented in Fig. 2.5(b). The asymmetry of the response in
the Faraday geometry is a fingerprint of the presence of a nuclear spin polarization
induced by the helicity of the excitation beam.
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Figure 2.5 (a) Magnetic field dependence in Faraday configuration of the
negative polarization rate under o+ CW excitation. (b) Magnetic field
dependence of the negative polarization rate, on a different QD, in Voight
(left) and Faraday (right) configuration under o+ /0— modulated excitation
at low (f,,0¢=200Hz) and high (f,,,,q=175kHz) modulation frequency.

A striking feature of this magnetic field dependence is the small increase of the
absolute value of the negative polarization around B=0T. This is in opposition
to what is usually observed in III-V semiconductor QDs where a decrease of the
electron spin polarisation occurs at weak magnetic field because of the domi-
nant contribution of the fluctuating nuclear field B;. As presented in curve (i)
of Fig. 2.5(b), a standard increase of polarisation with magnetic field is restored
in the absence of nuclear polarisation (i.e. under polarization modulated excita-
tion). This shows that the increase of the electron polarization around B = 0T
observed under CW excitation is linked to the DNSP: the nuclear spin fluctua-
tions are strongly suppressed by the build-up of a large Overhauser field.

The experiment presented in Fig. 2.5(a) was carried out under CW o+ excita-
tion, pumping the resident electron down. This leads to an average polarization
of nuclei with (I,) < 0 and an Overhauser field By < 0. For B, > 0, we observe
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around 50mT an increase of the circular polarization rate of 10% which reflects
a depolarization of the resident electron. This behavior is attributed to the com-
pensation of the Overhauser field by the external Faraday field (B, = —By). As
the electron precesses around the total field B;,, = B, + By + By, the electron
dynamics is then governed by the nuclear spin fluctuations By, resulting in a
depolarization of the resident electron.

Considering the left panel of Fig. 2.5(a) (corresponding to B, < 0), we observe
at B = 07T a maximum in the electron polarization, then a decrease of about 5%
in the first 25 mT followed by a small increase at larger fields. This extremum
around B, = —25mT also reflects a depolarization of the resident electron spin.
This depolarization is attributed to a compensation of the Knight field by the
external magnetic field. The nuclear field is then close to zero and the electron
dynamics is ruled by the sum of B, ~ 25mT and the nuclear spin fluctuations
By. The effect of By is not negligible at 25mT. As observed in the experiment
of Fig. 2.3(b), in the absence of DNSP, the polarization of the PL continuously
increases as the Faraday magnetic field is increased from 0 to 60mT.
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Figure 2.6 Excitation power dependence of the negative polarization rate
under magnetic field. (a) Faraday configuration under o+ CW excitation.
(b) Voigt configuration.

This influence of the Knight and Overhauser fields is further-confirmed by the
following experiment: We present on the right panel of Fig. 2.5(b) a measurement,
were we have studied the polarization rate as a function of the magnetic field B,
under modulated excitation. The light is modulated ¢ + /o— at two different
rates: (i) 175 kHz (= 3us of o+ exc., then ~ 3us of o— exc. of equal intensity)
and (ii) 200 Hz (= 2500us for a given polarization). Hence, at low power of exci-
tation, DNSP is achieved in (ii) and not in (i). The detection is done on an APD
synchronized with the modulation, and for a fixed circularly polarized detection.
We measure a polarization rate by varying the excitation polarization and not
the detection. Hence, this polarization rate is an average of the polarization rates
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measured in Fig. 2.5(a) for B, and —B,. The magnetic field dependence for (ii)
is consistent with the one observed in the CW regime, with an evolution ruled
by the competition between the B,, By, B, and By. On the other hand the mag-
netic field dependence (i) is only controlled by the competition between B, and
By. For sufficiently large external fields, the nuclear spin fluctuations By do not
contribute to the total field and the electron-spin polarization does not decay.
The width at half maximum is 25 + 5mT. This gives an order of magnitude of
the fluctuating Overhauser field.

The magnetic field dependence of the polarization rate under CW excitation
has been performed for B, > 0 for different excitation powers (Fig. 2.6(a)). With
increasing power, the minimum in the electron polarization is shifted to higher
magnetic field, evidencing an increase of the polarization of the nuclei and of the
resulting Overhauser field. At high excitation intensity, a significant portion of
the nuclei are polarized and the minimum of electron polarization is observed
around B, = —By = 100mT which would correspond to 50% of the maximum
Overhauser field. However, the parameters of II-VI QDs used to estimate this
maximum field are not known with precision and this percentage is subject to
caution.

2.1.4 Dynamics of coupled electron and diluted nuclear spins.

Electron-nuclear spin system in a transverse magnetic field

A transverse magnetic field dependence of the polarization rate of X~ is presented
in the left panel of Fig. 2.5(b). As the transverse magnetic field is increased, we
observe in the absence of DNSP (black curve, corresponding to fast o + /o—
modulation), a progressive decrease of the negative polarization rate over the
first 80mT'. For a spin polarized electron and in the absence of nuclear spin
polarization, two processes can contribute to the observed Hanle depolarization
of X~. The first is a depolarization of the resident electron governed by the
transverse relaxation time of the spin of the electron, 75, in an unpolarized nuclear
spin bath (standard Hanle depolarization). This T3 should give rise to a half width
of the Hanle curve By, = By ~ 25mT, deduced from the Faraday measurement
in Fig. 2.5(b). The second mechanism is a precession of the hole during the
charged exciton life-time. This process is expected to play a role above 50mT as
we have seen in the time resolved polarization rates presented in Fig. 2.2(b). It
is not possible to discriminate between the two mechanisms as, because of the
weak polarization of the electron, they are both responsible of a small decrease
of few % of the circular polarization rate.

More interesting is the comparison with the data where a DNSP is created (red
curve on the left panel of Fig. 2.5(b)). In this later case, a fast decrease of the
negative polarization rate is observed when increasing the transverse field from 0
to 10mT'. The half width at half maximum of the depolarization curve is = 5mT.
This efficient depolarization of the resident electron is due to the precession of
the coupled electron-nuclei system [104, 117, 27]. After this fast depolarization
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Figure 2.7 Variation of the amplitude (c) and characteristic time (d) of the
DNSP transient under o+ excitation (an exemple is presented in (a)) as a
function of the excitation intensity at B,=0mT with a constant dark time
Tdark = D0us. (b) Variation of the amplitude of the DNSP transient with a
magnetic field applied along the QD growth axis.

of the electron, the negative polarization rate reaches the value observed in the
absence of DNSP (i.e. under fast 0+/0— modulated excitation, black curve).
This is also observed in the modulation frequency dependence of the polarization
rate presented in Fig. 2.2(a).

We observe that the depolarization curve in transverse magnetic field in the
presence of nuclear spin polarization (Fig. 2.6(a)) strongly depends on the exci-
tation power and deviates from a Lorentzian shape at high excitation power. For
the later case, the negative polarization rate seems to be weakly affected by the
first few mT of transverse magnetic field, and then decreases abruptly.

The width of such depolarization curve is typically 50mT in a singly charged
InAs/GaAs QDs in the presence of nuclear spin polarization [35]. In InAs QDs, an
influence of the magnetic anisotropy of the nuclei produced by the in-plane strain
is also observed in the transverse magnetic field dependence of the Overhauser
field [41, 78]. This cannot be the case in CdTe QDs as the nuclear spins I=1/2
for Cd and Te.

The power dependence observed in our system could arise as the electron is
pumped faster than the precession in the transverse applied (75,.,, = 4ns at
B, = 5mT). At hight excitation intensity, the resident electron is replaced by
an injected spin polarized electron faster than the precession in the transverse
magnetic field. The depolarization of the electron spin is then given by the power
dependent Hanle curve S,(Q) = S.(0)/(1+ (Q7)?) with Q = g.upB/h and 1/7 =
1/7,+1/7s with 1/7, the pumping rate and 1/7, the electron spin relaxation rate.
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However, this power broadening does not explain the slight deviation form the
Lorentzian shape we observed at high excitation intensity in (Fig. 2.6(b)).

The creation of DNSP could also be faster than the nuclei precession (7)., =

5us at B, = bmT). The decrease of the electron polarization in a trarfsverse
magnetic field can then be influenced by the decrease of the steady state nuclear
field. As a result of this decrease, the total in-plane component of the magnetic
field which controls the electron precession increases more slowly than the ex-
ternal field B,: the precession of the electron would be efficiently blocked by the
Overhauser field, and the electron polarization would be conserved. Such a sce-
nario would be specific to II-VI quantum dots, where the build-up of DNSP is fast

enough to block the precession of nuclei. This point requires further investigation.

Dynamics of the nuclear spin polarization

In order to analyze quantitatively the build-up time and the characteristic am-
plitude of the polarization transient induced by the DNSP, we performed a time-
resolved measurement using a 100us pulse of a o+ helicity, followed by a 50us
dark time during which the DNSP relaxes partially (quantitative analysis of this
relaxation will be done in the next section and is indeed found to occur on a time-
scale shorter than 50us for B, < 5mT'). This experimental configuration enables
us to fit the observed DNSP transient by an exponential variation, permitting to
extract a characteristic rate 1/7 and amplitude AI (Fig. 2.7(a)).

We observe in Fig. 2.7(d), a linear increase of the pumping rate with the exci-
tation power. While the build up of DNSP takes a few ms in III-V materials at
B = 0T [100], it occurs in the us range in our case. This results from the strong lo-
calization of the electron in II-VI quantum dots: the built-up rate of DNSP scales
as[107] |W.|" so that we typically expect 77;_y1/7r11—yv ~ 8000%/(10%)2 ~ 5.1073,

The amplitude of the pumping transient (AI/I) presented in Fig. 2.7(c) in-
creases linearly at low excitation power, reaches a maximum and decreases at
high power. The increase is attributed to an increase of the nuclear spin polar-
ization. The reduction at high excitation power likely comes from a decoupling
of the dynamics of the electron spin from the fluctuating nuclear spin. As we
have already seen in Fig. 2.4(c), at high excitation intensity, optical pumping of
the electron spin becomes faster than the precession in the fluctuating field of
the nuclear spin By and the measured polarisation rate of the X~ becomes less
sensitive to the polarization of the nuclei. A similar decrease of the amplitude of
the transient is observed under a magnetic field of a few mT applied along the
QD growth axis.

The magnetic field dependence, of AI/I is shown in Fig. 2.7(b). We observe an
important decrease of AI/I as soon as a few mT are applied along the QD growth
axis z. This fast decrease mainly comes from the increase of the relaxation time of
the DNSP under magnetic field (this increase of the relaxation time is evidenced
in Fig. 2.9 and will be further discussed): As the nuclear spin polarization does
not fully relax during the dark time, the amplitude of the pumping transient
decreases. This increase of the relaxation time explains the general shape at
fields lower than a few mT. At larger fields, a decrease also occurs when the static



2.1 FElectron-nuclei spin dynamics in a II-VI quantum dot 77

@

i - [ - - 1 -

deto— deto+

B,=0mT

/N—
B,=16mT (\

S

R

B,=0.3mT

B,=16mT

PL. Intensity (Cts)

B,=30mT

h,  BesomT

B,=88mT N

B,=160mT [

e

1 1 1 1 L 1 1 [ 1 1 1
0 20 40 60 80 100 0 20 40 60 80 100
Time (us) Time (us)

®) 2000
—BomT
— B,=16mT
1500
w
o
> 10
B
& 10001 | 8
£ g ”
T =4
500F | 2
0
0 10 20 30
ol 1 B, (mT) 1 { 1 1 1 1 1 1
0 5 10 15 20 25 30 5 60 65 70 75 80

Time (us)

Figure 2.8 (a) Magnetic field dependence of the destruction and build-up
of the nuclear spin polarisation observed under o+ /0 — modulated excitation
(left: detection o—, right: detection o+). A detailed vue of the transients is
presented in (b). The inset shows the magnetic field dependence of the
transient amplitude (AI) and position (7).

magnetic field exceed the fluctuating nuclear field. The magnetic field dependence
of AI/I presents an asymmetry as the magnetic field is reversed. Similarly to
the calculated asymmetry presented in Fig. 2.1 and the observed asymmetry
presented in Fig. 2.5(a), this is the signature of the creation of an effective internal
field with well defined direction. The faster drop of AI/I in a positive magnetic
field comes from the increase of the influence of the fluctuating nuclear field B,
when the external magnetic field compensates the Overhauser field. Such behavior
has already been observed on ensemble of negatively charged CdSe/ZnSe QDs
[2].

Our study of the DNSP build-up time scales was complemented by adding a
magnetic field in the Faraday configuration in the time resolved pumping ex-
periments. Under o+ /0— modulated excitation, each switching of the polariza-
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tion results in an instantaneous (on the time-scale of the nuclear spin dynamics)
change in the electron spin polarization followed by a slow evolution due to the
re-polarization of the nuclei. This re-polarization process is responsible for the
minimum observed in the time evolution of the negative polarization rate. Under
a magnetic field, an asymmetry between the cases of o+ and o— excitation is ob-
served in the dynamics of the coupled electron-nuclei spin system (Fig. 2.8). Under
o+ excitation, as expected, the application of a magnetic field along z progres-
sively decreases the influence of the nuclear spin fluctuations on the electron-spin
dynamics and the minimum in the electron polarization rate vanishes.

The behavior of the electron polarization is different under o— excitation: we
observe an acceleration with the increase of B, of the destruction of the DNSP
at the beginning of the o— pulse. This is illustrated in the inset of Fig. 2.9(b):
The position of the minimum of polarization, 7, linearly shift from 7y ~ 8us at
B, =0mT to 19 = Ous at B, ~ 30mT.

At the end of the o+ light train, the polarized light has created a nuclear
field BY' anti-parallel to B,. At some time after switching to o— excitation, By
decreases and approach -B,. At this point, the non-linear feed-back process in
the electron-nuclei "flip-flops” starts and accelerates the depolarization until the
DNSP vanishes. Simultaneously, the absolute value of the negative polarization
reaches a minimum. Then the nuclei are re-polarized by the o— excitation until
By reaches B parallel to B,. Consequently, as observed in Fig. 2.8(b), under o —
excitation the destruction of the DNSP is expected to be faster than its buildup.
However, it is not clear why such a magnetic field dependent acceleration is
not observed during the build-up of the DNSP at the end of the transient in o+
polarization when B reaches -B.. To fully understand this behavior, a complete
model of the coherent dynamics of coupled electron and nuclear spins in a weak
Faraday magnetic field should be developed. Such model at zero field has already
shown that the minimum of (S,) can apparently be shifted from the point (I,)=0
[122].

Nuclear spin polarization decay

In order to investigate the variation with magnetic field of the relaxation time in
the dark of the DNSP, we follow the protocol shown in Fig.2.9. For a given mag-
netic field, we prepare a DNSP and measure after a time 74, the amplitude of
the transient, corresponding to the partial relaxation of the nuclear polarization.
AS T4q,1 1s increased, this amplitude saturates, demonstrating the full relaxation.
The variation of the amplitude of the transient with 74, is used to estimate the
relaxation time of the DNSP at a given magnetic field.

The evolution of this relaxation time is presented in Fig.2.9(b). It ranges from
14ps at B = 07T to 170us at B = 16mT. The relaxation rate is one order of
magnitude faster than the one observed by Feng et al. on ensemble of CdSe/ZnSe
QDs[45], and the one expected from nuclear dipole-dipole interactions. Further-
more, in InAs/GaAs Schottky structure the decay in electron charged dots oc-
curred in a millisecond time scale [100] while nuclear spin lifetime in an empty
dot has been shown to exceed 1 hour. [101].
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Figure 2.9 (a) Evolution of the DNSP transient, under a magnetic field
B.=9.3mT, with the variation of the dark time introduced between
circularly polarized light trains of constant length. (b) Magnetic field
dependence of the nuclear spin relaxation time. The inset show the evolution
of amplitude of the DNSP transient with the dark time for B,=9.3mT.

The magnetic field dependence of the DNSP relaxation presents a significant
increase of the decay time over the first few mT'. It has been demonstrated that a
magnetic field of 1m7T efficiently inhibits nuclear dipole-dipole interactions in ITI-
V materials [100]. Since this interaction is expected to be smaller in our system
with diluted nuclear spins, we can definitely rule out dipole-dipole interaction as
a major cause of DNSP relaxation.

Co-tunneling to the close-by reservoir could be responsible for this depolar-
ization. Via hyperfine-mediated flip-flop, the randomization of the electron spin
creates an efficient relaxation of the nuclei. Following Merkulov et. al. [107], this

relaxation time is given by:

2 (w?) Il
3[1 + (Q7.)?]

In this expression, w is the precession frequency of the nuclei in the Knight
field, 7. is the correlation time of the electron (in the dark), Q is the precession

T = (2.14)
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frequency of the electron in the Overhauser field. At last, ||s||* is equal to s(s+1) =
3/4. The fastest relaxation we expect from this process can be estimated taking
Q= Qe = 27/2ns™! and 7, = 10ns. We obtain 7. ~ 200us which is not fast
enough. Therefore, we are tempted to conclude that co-tunneling alone cannot
explain the observed dynamics.

Another mechanism to consider is the depolarization resulting from an electron-
mediated nuclear dipole-dipole interaction. This results in exchange constants
between the nuclei which typically scale as A?/(N?¢,). The resulting rate of
nuclear-spin depolarization is T}, } ~ A?/(N*/?he.), where €, is the Zeeman split-
ting of the electron. This mechanism could explain a depolarization of the nuclei
on a s scale [73]. However, this expression gives only a minor bound to the re-
laxation time because the inhomogeneity of the Knight field can strongly inhibit
this decay [34, 23]. A magnetic field along the z axis is expected to affect this
process, progressively decoupling the nuclei from the indirect coupling created
by the electron, as observed in our experiments in the first few m7T (Fig.2.9).
The electron-induced nuclear depolarization was demonstrated in reference [100]
where the ms relaxation was completely suppressed using a voltage pulse on a
Schottky diode in order to remove the resident electron.

2.1.5 Conclusion on electron-nuclei spin dynamics in II-VI quantum
dots

We have shown that the optical injection of spin polarized carriers above the
triplet states of the charged exciton can be use to pump the resident electron
on a time-scale of 10 — 100ns and to create a dynamic nuclear spin polarization.
At B = 0T, the creation of the DNSP can be as fast as a few us, and the
decay of the nuclear polarization, attributed to an electron mediated relaxation,
is ~ 10us. The measured dynamics are ~ 10° faster than the ones observed
in III/V QDs at B = 0T. The relaxation time of the coupled electron-nuclei
system is increased by one order of magnitude under a magnetic field of about
5mT. The magnetic-field dependence of the PL polarization rate revealed that
the nuclear spin fluctuations are the dominant process in the dephasing of the
resident electron. We demonstrated that this dephasing is efficiently suppressed
by a large dynamic nuclear spin polarization at B = 0T. In these II-VI diluted
nuclear spin QDs, the observed Overhauser field is 10 to 50 time smaller than
in InAs/GaAs QDs. This should permit much simpler optical coherent control
protocols of the electron spin similar to hole spins in III-V structures [83, 33].

2.2 Optical probing of the spin fluctuations of a Mn atom

We will show now how the injection of spin polarized photo-carriers in an in-
dividual QD can also be efficiently used to optically prepare the spin state of
a individual Mn atoms. We will analyze, using time resolved optical pumping
experiments, the main mechanisms responsible at low magnetic field for the spin
dynamics a Mn atom localized in a QD.
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Let us first estimate in which extend the distribution intensity in the PL of
a Mn doped QD can be used to probe the spin state of the Mn atom. We will
then present high resolution auto-correlation measurements allowing probing the
spin quantum jumps of an individual Mn atom exchange coupled with a confined
exciton.

2.2.1 Thermalization of the exciton-Mn complex

The exciton as a probe of the Mn spin state?

As illustrated in Fig. 1.12, in a Mn doped QD the relative intensities of the
six emission lines observed in each circular polarization depends strongly on the
applied magnetic field. The emission intensity, which is almost equally distributed
over the six emission lines at zero field, is concentrated on the high energy line for
the 0— emission and on the low energy line for the o+ emission at high magnetic
field.

As the magnetic field increases, the Mn atom is progressively polarized. In
time-averaged experiments, the probability to observe the recombination of the
bright excitons coupled with the S, = —5/2 spin projection is then enhanced.
Two states dominate the spectra: | —1/2).| +3/2)x| — 5/2) pp in the low energy
side of the o+ emission and | 4+ 1/2).| — 3/2),| — 5/2) a1, in the high energy side
of the o— polarization. Changing the temperature of the Mn spin will affect the
distribution of the exciton emission intensities. The PL of the exciton is then a
direct probe of the magnetic state of the Mn.

The effective temperature of the Mn in the presence of the exciton, Ts,, is
found to depend of course on the lattice temperature but also on the laser exci-
tation density (Fig. 2.10). For a fixed temperature and a fixed magnetic field, the
asymmetry observed in the emission intensity distribution progressively disap-
pears as the excitation intensity is increased (Fig. 2.10(a)). The variation of Ty,
deduced from the emission rates, is presented in the inset of Fig. 2.10(c) (7T)
and Fig. 2.10(d) (0T) as a function of the excitation density. A similar excitation
intensity dependence of Ty, is observed in DMS quantum wells and is attributed
to the heating of the Mn through their spin-spin coupling with the photo-created
carriers [72]. The photo-carriers have excess energy. Via spin-flip exchange scat-
tering they pass their energy to the Mn and elevate their spin temperature. The
energy flux from the Mn to the lattice, determined by the spin lattice relaxation,
will tend to dissipate this excess energy. Under steady-state photo-excitation, the
resulting temperature of the magnetic ions T, exceeds the lattice temperature.
The effect of this spin-spin coupling is strongly enhanced in our system since the
isolated Mn is only weakly coupled to the lattice and hardly thermalize with the
phonon bath [129].

Under non-resonant excitation, the injection of an exciton changes the spin
distribution of the magnetic atom. As illustrated in Fig. 2.10(b), at 0T and at
low excitation intensity, an asymmetry is observed in the emission intensity dis-
tribution. This polarisation shows that a spin flip of the exciton-Mn system can
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Figure 2.10 (a) Normalized PL (PL spectra divided by the total integrated
intensity) in o+ polarization versus excitation intensity for a fixed
temperature (5K) and magnetic field (7T). (b) Excitation intensity
dependence of the zero magnetic field emission of a single Mn-doped QD for
a fixed lattice temperature T=5K. (¢) and (d): extracted emission rates of
each PL lines as a function of the excitation intensity at 7T (c) and 0T (d).
The inset plots the extracted Mn effective temperature.

occur during the lifetime of the exciton. The exchange interaction with the exci-
ton acts as an effective magnetic field which splits the Mn levels in zero applied
field, allowing a progressive polarization of its spin distribution.

Resonant excitation of electron-hole pairs directly in the QD limits the exciton-
Mn spin relaxation. This is illustrated in Fig. 2.11(b) and Fig. 2.11(c) where the
emission intensity of the ground state of a Mn doped QD is presented as a function
of the detection energy when the laser excitation energy is scanned through the
resonant absorption of an excited state identified in a PLE spectra (Fig. 2.11(a))
[57]. This excitation energy scan reveals that the intensity distribution of the
emission strongly depends on both the wavelength and on the polarization of the
excitation laser. This dependence confirms that under resonant excitation there
is not a complete spin relaxation of the exciton-Mn complexe during the lifetime
of the exciton. As shown in Fig. 2.11(d), this long spin relaxation time combined
with the fine structure of the excited states permits to create selectively a given
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Figure 2.11 (a) Experimental PL and PLE spectra of a Mn-doped
quantum dot exciton. The inset shows the contour plot of the multi-channel
PLE. (b) and (c): PLE contour plots for excited state e; obtained for
co-polarized (b) and cross-polarized (c) circular excitation and detection. (d)
Resonant PL spectra obtained in co-polarized circular excitation and
detection for two different excitation wavelength on e;

spin configuration of the exciton-Mn complex by tuning the polarization and
wavelength of the excitation laser.

Ezciton-Mn spin flips
A direct signature of the exciton-Mn spin dynamics can be observed in the PL
decay of the X-Mn complex. Figure 2.12 presents the PL decay of three different
transitions of the X-Mn complex under quasi-resonant excitation by ps pulses.
These transitions present a biexponential decay. The fast component corresponds
to the radiative lifetime of the exciton, as already measured in non magnetic QDs.
The long component is associated with the existence of the dark excitons [132].
Direct recombination of the dark exciton can be observed in some Mn-doped QDs
because of a slight admixture of the bright states with the dark ones induced by a
valence band mixing. However, the dark excitons mainly contribute to the signal
by undergoing a spin flip to become bright excitons which decays radiatively.
The PL decay is then determined by both radiative decay and excitons spin-
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flips. The exciton decay, and particularly the amplitude of the slow component,
depends strongly on the energy level observed. For the high energy lines, the
slow component makes a negligible contribution to the time integrated signal.
Conversely, for the low energy lines, the secondary component makes a significant
contribution while the primary lifetime remains constant. In this regime, the
secondary lifetime can be associated either with the dark exciton lifetime or the
exciton spin flip time.
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Figure 2.12 (a) Experimental time resolved PL recorded on three different
energy lines (labeled 1, 2 and 3) of an X-Mn complex. The inset shows the
corresponding time integrated PL spectrum. The dotted lines are the PL
decay after deconvolution from the response of the set-up. (b) PL decay time
calculated using the parameters T=5K, 7,=280ps, 74=8ns, Tx _prn=25ns.

(c) Energy levels involved in the rate equation model described in the text
displayed as a function of their total angular momentum M,.

To extract these two parameters from the PL decay curves, we compare the
experimental data with a rate equation model describing the time evolution of
the population of the 24 X-Mn spin levels (Fig. 2.12(c)) after the injection of a
single exciton [60]. Different spin-flips times are expected depending on wether
the transitions among the X-Mn levels occur with or without conservation of
the energy or of the total spin. However, we consider in first approximation that
the X-Mn spin-flips can be described by a single characteristic time 7x_ . We
consider, in agreement with A. Govorov et al. [60], that at finite temperature,
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the intraband relaxation rates I',_,,, between the different spin states of the
exciton-Mn complex depend on the energy separation E,,, = E,, — E,. Here
we use Fw—)’y’:]-/TX—Mn if EW’Y' < 0 and P7_>,Y/:1/TX_Mn€_E77//kBT if E’YW' > 0.
This describes a partial thermalization of the X-Mn system during the lifetime
of the exciton (bright or dark). In this model, we also neglect the influence of the
valence band mixing on the oscillator strength and consider that all the excitonic
bright (dark) states have the same lifetime 7, (7). Because of possible hole spin-
flips during the phonon assisted relaxation of the unpolarized injected carriers,
we consider that the excitons with spins +1 and +2 are excited with the same
probability at ¢ = 0.

The PL decay curves can be well reproduced by this simplified rate equation
model using 7, = 280ps, 74 = 8ns and Tx_r, = 25ns (Fig. 2.12(b)). The value
of 7,4 controls the decay time of the long component whereas 7x_s,, larger than
Tq, reproduces the emission energy dependence of the amplitude of the long com-
ponent very well. With this faster spin relaxation for the X-Mn complex than
for the Mn alone, we will see in the following that the injection of spin polarized
carriers can be exploited to prepare the spin state of the atom.

2.2.2 Optical probing of spin quantum jumps of a Mn atom
High resolution autocorrelation of a Mn-doped quantum dot

To directly observe the time fluctuations of the Mn spin interacting with the
injected carriers, we can analyze the statistics of the photons emitted by a Mn-
doped QD. This statistics is deduced from an intensity correlation function of the
QD emission. Fig. 2.13(a) shows the intensity correlation function g(® (7) of the
circularly polarized (0+) low energy line of a Mn-doped QD compared with the
correlation function obtained for the overall PL of the QD. The auto-correlation
function obtained for all the photons emitted by the QD is characteristic of a
single photon emitter with a dip at short delay. The width of this antibunching
signal is given by the lifetime of the emitter and the generation rate of excitons
and its depth is limited by the time resolution of the setup. A similar experiment
performed on one of the single line of the X-Mn complex still presents a reduced
coincidence rate near 7=0, but it is mainly characterized by a large bunching
signal with a half width at half maximum (HWHM) of about 10ns. This bunching
reflects an intermittency in the QD emission. This intermittency comes from the
fluctuations of the Mn spin.

To confirm this result, cross-correlation measurements were performed between
different spin states of the X-Mn complex. Cross-correlation of the o+ and o—
photon emitted by the low energy line (Fig. 2.13(b)) shows an antibunching
with g?(0)=0.2 and a HWHM of about 5ns. These two different behaviors,
namely the bunching of the auto-correlation signal and the antibunching of the
cross-correlation signal, demonstrate unambiguously that the statistic of the QD
emission is completely governed by the Mn spin fluctuations. Whereas the auto-
correlation probes the time dependence of the probability for the spin of the Mn
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Figure 2.13 (a) Auto-correlation function of the intensity collected in o+
polarisation on the low energy line of the X-Mn complex (solid line) and on
the overall PL spectra (dotted line). (b) Circularly polarized
cross-correlation function (solid line) and auto-correlation (dotted line) on
the same line as in (a) but for a larger excitation intensity. The inset shows
the PL spectrum of the corresponding QD. (c) Experimental
auto-correlation function and theoretical function calculated with the rate
equation model described in the text with parameters T=5K, 7,=280ps,
T4=8nS, Tx _ pn=251s, Tpr,=50ns and g=0.05X10_3pS_1.

to be conserved (S, =+5/2 at =0 in Fig. 2.13(a)), the cross-correlation presented
in Fig. 2.13(b) is a probe of the spin transfer between +5/2 and -5/2.

As observed in the time resolved PL measurements, fluctuations of the Mn
spin occur during the lifetime of an exciton. However, they can also take place
when the QD is empty. As the spin relaxation rate of the Mn is expected to
be influenced by the presence of carriers in the QD, we have to consider in a
simplified model at least two relaxation times, 7, for an empty dot and 7x_ s,
for a dot occupied by an exciton. Their relative contributions to the observed
effective relaxation time will depend on the generation rate of excitons.

The rate equation model described previously can be extended to extract an
order of magnitude of the parameters 1,7, and T7x_ s, from the correlation exper-
iments. Six biexciton states are added to the 24 (X-Mn)+6 (Mn) levels system
(see Fig. 2.12(c)). A continuous generation rate g is considered to populate the
exciton and biexciton states. The initial state of the system is fixed on one of
the six Mn ground states and one monitors the time evolution of the population
of the corresponding bright X-Mn state. When normalized to one at long time
delay, this time evolution accounts for the correlation function of the transition
associated with the considered Mn spin state.

The time evolution of the correlation function calculated using this model are
presented in Fig. 2.13(c) and compared with the experimental data. At low gen-
eration rate, when the average time between two injected excitons is longer than
any spin relaxation rate, 7y, and Tx _ s, have distinguishable effects on the calcu-
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Figure 2.14 (a) Power dependence of the autocorrelation function of the
hight energy line of an X-Mn complex. (b) Calculated power dependence of
the HWHM of the autocorrelation function of the hight energy line. The
parameters used in the model are: 7,=280ps, 74=8ns, Tx_ rr,=20ns, and
Tavn=40ns (plain line) or 7p,=4us (dotted line). (¢) Experimental HWHM
of the autocorrelation signals presented in (a).

lated correlation curves. In average, the relaxation of the Mn alone (controlled by
Tarn) 18 only perturbed by the injection of the exciton used to probe the Mn spin
projection. During the lifetime of this exciton, the system relaxes with the relax-
ation rate 7x_ps,. This produces a relaxation of the Mn spin proportional to the
ratio of 7x_as, and the exciton lifetime. A reduction of 7x_js, then reduces the
amplitude of the bunching curve expected for a Mn alone (because of the six avail-
able spin states, the maximum amplitude of the bunching should be six) without
significantly changing its width controlled by 7y,,. With the generation rate used
in the measurements of Fig. 2.13(a) (a generation rate of about g=0.05x10">ps~*
can be deduced from the ratio of the exciton and biexciton amplitude), 7x_ s,
mainly affects the height of the bunching signal whereas 7y, preferentially con-
trols its width. Then, with given values of g, 7, and 74, it is possible to estimate
a parameter pair (Tasn,7x_am) that reproduces the bunching and anti-bunching
curves. The bright and dark excitons lifetimes were estimated from the PL de-
cay curves and the exciton generation rate can be estimated from the relative
amplitudes of the exciton and biexciton emissions [12]. For the data presented
in Fig. 2.13(c), the best fit is obtained with 7x_, = 25ns and 737, = 50ns.
The obtained X-Mn relaxation time is consistent with the value deduced from
the PL decay curves. The relaxation time of the Mn alone (empty dot) appears
to be 3 orders of magnitude shorter than expected from the extrapolation of
measurements in bulk dilute CdMnTe under magnetic field [36].
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Figure 2.15 (a) Auto-correlation function on the low energy line of an
X-Mn complex in o+ polarization for excitation intensities Py and 3Py.
Theoretical curves are presented in red. A reduction of Tx_ s, (=15ns) and
Tarn(=20ns) has to be included to describe the high excitation intensity
autocorrelation curve. (b) Auto-correlation function on the low energy line of
an X-Mn complex in o+ polarization for two different excitation conditions:
resonant on an excited state (577.5nm) and non-resonant (514nm).

Carriers induced Mn spin fluctuations

The observed Mn spin dynamics is not simply an intrinsic property of the localized
Mn atom but depends on the optical excitation conditions. The power dependence
of the correlation signal of the high energy transition of a X-Mn complex is
presented in Fig. 2.14(a). Increasing the excitation power significantly reduces the
width of the correlation signal. This reduction has two origins: first, when carriers
are injected in the QD under quasi-resonant conditions (excitation on an excited
state of the QD), increasing the carrier generation rate increases the probability
of finding the QD occupied by an exciton. The spin relaxation time being shorter
for an occupied dot than for an empty dot, the Mn spin fluctuates faster and
the width of the auto-correlation curve decreases. This effect is illustrated by the
power dependence of the HWHM of the calculated and experimental correlation
curves presented in Fig. 2.14(b) and Fig. 2.14(c) respectively. At high generation
rate, the width of the correlation signal is controlled by 7x_s, whereas at low
excitation the photon statistics is ultimately determine by the spin fluctuations
of the Mn alone. The width of the calculated correlation curves saturates at low
excitation. This maximum width is controlled by 7s,. In the experiments, this
saturation is not observed due to the limit in the accessible excitation power
range.

However, this process is not sufficient to explain the observed excitation power
dependence of the correlation signal. For instance, to reproduce the power depen-
dence presented in Fig. 2.15(a), one has also to reduce the spin relaxation times
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Tarm and Tx _pr, at high excitation intensity. In Fig. 2.15(a) the best fit at high
excitation power is obtained with 7, = 25ns and 7x_, = 15ns whereas at low
excitation Ty, = 50ns and 7x_, = 25ns. This reduction of the relaxation time
likely comes from the spin-spin coupling with carriers injected in the surround-
ings of the QD thought the background absorption observed in PLE spectra of
these QDs [146].

The influence of the free carriers on the spin relaxation rate is shown by the
correlation signals obtained on the same X-Mn transition for two different ex-
citation wavelengths (Fig. 2.15(b)): resonant on an excited state (577,5nm) and
non-resonant in the ZnTe barriers (514nm). These two signals are recorded with
the same photon count rate, suggesting a similar occupation rate of the QD.
The characteristic bunching signal observed under quasi-resonant excitation com-
pletely disappears when the excitation energy is tuned above the wetting layer
absorption. As already observed in DMS quantum wells, this behavior reflects
the extreme sensitivity of the localized Mn spin to the spin-spin coupling with
the free carriers or the carriers relaxing in the QD [144].

For an isolated Mn atom, the spin relaxation 7y, comes only from the spin-
lattice interaction [129] and a long spin relaxation time is expected. The Mn
spin dynamics can be modified significantly by the presence of free carriers which
are strongly coupled with both the magnetic atom and the phonons. These free
carriers serve as a bypass channel for the slow direct spin-lattice relaxation.

Thermalization of the exciton-Mn complez.

The X-Mn complex is significantly coupled to the phonon bath. A partial thermal-
ization of the X-Mn system appears directly in the amplitude of the correlation
curves obtained on different energy levels of the X-Mn system (Fig. 2.16(a)) as
well as in cross-correlation measurements (Fig. 2.16(b) and (c)). A finite tem-
perature enhances the probability of the spin-flips involving an energy loss. This
introduces a dissymmetry in the spin relaxation channels of the X-Mn complex.
The consequence of this dissymmetry in the relaxation process is an energy de-
pendence of the amplitude of the correlation signal. This is illustrated by the
correlation curves obtained on the high (| — 1,—-5/2)) and low energy states
(|+1,-5/2)) of X-Mn (Fig. 2.16(a)). For the high energy state, all the relaxation
transitions within the X-Mn complex take place with an energy loss: The leakage
probability is then maximum and the probability for this state to be re-populated
by spin-flips from low energy states is very weak. A large bunching signal is then
observed (Fig. 2.16(a)). On the opposite, the low energy level can be populated
by a transfer from the high energy states, and some relaxation channels involving
an absorption of energy are blocked at low temperature. The associated bunching
signal is weaker (Fig. 2.16(a)).

This thermalization process directly appears if a cross-correlation of the inten-
sity emitted by a low and a high energy levels is performed. Fig. 2.16(c) shows
the correlation of the photons emitted by | — 1,—5/2) (high energy line) and
| +1,-5/2) (low energy line). At low excitation intensity, this correlation signal
presents a clear dissymmetry. This cross-correlation measurement probe the time



90 Optical control of spins in a quantum dot

6F T T T =
(b)
5 = -
4 i
PD

3

2 = -
2.5xP,

1

Ok 1 1 1 4 Qb1 P
40 -20 O 20 40 -20 0 20
Time delay (ns) Time delay (ns)
4 T T T AfF T T T =
© (d)
3r 1 3r ~
e
8 2+ 1 2r ~
(=2}
1 N 1 =
Ok 1 1 4 Ok 1 1 4
20 10 O 100 20 -20 -10 O 10 20
Time delay (ns) Time delay (ns)

Figure 2.16 (a) Auto-correlation function of the emission intensity of the
hight (upper trace) and low (lower trace) energy lines of a X-Mn complex
recorded in the same circular polarization. (b) Cross-correlation function of
the emission intensity of the high and low energy line recorded in o+ and
o— polarization respectively for two different excitation intensities. Detail of
the experimental (c¢) and calculated (d) cross-correlation function.

dependence of the probability of finding an exciton (either |+1) or |—1)) coupled
with the Mn spin in the state S,=-5/2. At positive time delay, g?(7) gives the
probability to find the system in the state | + 1,—5/2) knowing that at 7 = 0
the Mn spin projection was S,=-5/2 (detection of a photon from | — 1,—-5/2)).
The situation is reversed for the negative delay where a photon from |+ 1,—5/2)
acts as the trigger in the start-stop measurement and g?(7) gives the probability
for the system to be in the high energy state | — 1,—5/2). The dissymmetry in
the cross-correlation curve reflects the difference in the spin relaxation channels
available for the high (|—1,—5/2)) and the low (|41, —5/2)) energy X-Mn states.

The dissymmetry in the relaxation processes is influenced by the excitation
intensity: as observed in the PL decay measurements presented in Fig. 2.11,
the low energy bright exciton states can be efficiently populated by spin-flips
from the dark exciton states reducing the effective population loss of these states
and consequently reducing the amplitude of the photon bunching. Increasing the
excitation intensity decreases the effective lifetime of the dark excitons because
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of the formation of the biexciton. This opens an efficient spin relaxation channel
for the low energy bright X-Mn states: once a dark exciton has been created after
a spin-flip, it is quickly destroyed by the injection of a second exciton with the
formation of a biexciton. It can no longer flip back to the low energy bright state.
This effect stop the refilling process and consequently increases the amplitude
of the bunching signal. As observed in Fig. 2.16(b), increasing the excitation
intensity decreases the difference in the amplitude of the corresponding bunching
signal of the low and high energy lines.

These time resolved PL and photon-correlation experiments reveals a fast X-
Mn spin relaxation in the range of a few tens of ns leading to a partial thermal-
ization of the complex. Correlation measurements have to be performed under
high excitation intensity and do not permit to access the intrinsic relaxation time
of the Mn spin. A much longer relaxation time is expected for the Mn than for
X-Mn. We will show now that this can be exploited for an optical preparation of
the Mn spin.

2.3 Optical pumping of a Mn spin

We will show in this section that a high degree of spin polarization can be achieved
for an individual Mn atom using quasi-resonant or fully-resonant optical excita-
tion of the QD at zero magnetic field. Under quasi-resonant excitation, optically
created spin polarized carriers generate an energy splitting of the Mn spin and
enable magnetic moment orientation controlled by the photon helicity and en-
ergy. Monitoring the time dependence of the intensity of the fluorescence during
a resonant optical pumping process allows to directly probe the dynamics of the
initialization of the Mn spin: the optical initialization can take place in less than
100ns. The Mn spin state prepared by optical pumping is fully conserved for a few
microseconds. These experiments suggest a complex carriers-Mn spin dynamics
that we will analyze in the following section.

2.3.1 Optical orientation by spin polarized carriers

To optically pump the Mn spin, Mn-doped QDs were quasi-resonantly excited
with a tunable CW dye laser. In order to record the dynamics of the preparation
of the Mn spin (spin transients), the linear polarization of the excitation laser
was modulated between two orthogonal states by switching an electro-optic mod-
ulator, and converted to circular polarization with a quarter-wave plate. Trains
of resonant light with variable duration were generated from the CW laser using
acousto-optical modulators with a switching time of 10 ns.

Signature of Mn spin optical orientation

Fig. 2.17 and 2.18 summarize the main features of the time-resolved optical ori-
entation experiment. The PL of the exciton-Mn (X-Mn) complex was excited
about 20 meV above the PL (top of Fig. 2.17(a)), on an excited state of the
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Figure 2.17 (a) PL and PLE of a Mn-doped QD (QD1) at B =0 T and

T =5 K. The PL is detected in circular polarization under an alternate

0~ /o excitation at two different wavelengths: 1987.0 meV (black) and
1987.4 meV (red). (b) PL transient under polarization switching at B =0 T.
The PL is detected on the high energy line of X-Mn in o~ polarization (Mn
spin S, = —5/2). Transient (I) (resp. (II)) was observed under resonant
excitation at 1975 meV (resp. 1987 meV)

X-Mn complex [57]; the PL intensity was detected in circular polarization (e.g.,
o, corresponding to the recombination of the —1 exciton). The relative inten-
sities of the six lines dramatically depend on the excitation energy (bottom of
Fig. 2.17(a)): as each line corresponds to one value of the Mn spin projection
S., the whole process creates a non-equilibrium occupation probability of the Mn
spin states.

Under these conditions, switching the circular polarization of the excitation
produces a change of the o~ PL intensity (Fig. 2.17(b)) with two transients: first
an abrupt one with the same sign for all six lines, reflecting the population change
of the spin polarized excitons; then a slower transient reflecting an increase or
a decrease of the occupation of the detected Mn spin state. This slow transient
has an opposite sign for the two extreme PL lines (i.e., when monitoring the
Mn spin states S, = + 4 5/2, Fig. 2.18(b), and a characteristic time which is
inversely proportional to the pump intensity (Fig. 2.18(a)). This is the signature
of an optical pumping process which realizes a spin orientation of the Mn atom.
We first discuss the details of this process, then use it to study the spin dynamics
of the single Mn in the QD.

The relevant sub-levels of X-Mn and Mn are schematized in Fig. 2.18(c). For
the sake of simplicity, we omit the dark exciton states which should be included
for a quantitative analysis and consider that the dynamics can be described by
two spin relaxation rates, one for the Mn alone I'y, ¢ and one within the X-
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Figure 2.18 PL transients at different values of the excitation power
obtained on QD1. Inset: power dependence of the inverse response time 7.,
taken at the 1/e point of the spin-related transient. (b) PL transients
recorded in o~ polarization on the high (S,=-5/2) and low (S,=+5/2)
energy line of the X-Mn complex. (c) Simplified level diagram of a
Mn-doped QD, as a function of Mn spin (X-Mn: bright exciton-Mn).

Mn complex I'x_ s, [60, 13]. As spin orientation results from a cumulative effect
of relaxation in presence of the exciton, it can be performed only if I'x_js, is
faster than I'y/, . When exciting one of the low energy excited states of the
QD, two mechanisms are expected to contribute to the observed spin orientation:
the selective excitation of the QD can show a dependence on the Mn spin state
[57], and the relaxation of the Mn spin within the X-Mn system is driven by the
interaction with the spin polarized carriers which have been injected.

Under spin selective excitation, the spin relaxation of X-Mn tends to empty
the spin state of the Mn which is most absorbant [60]. Under injection of spin
polarized carriers, relaxation processes tend to anti-align the Mn spin with the X
exchange field to reach a thermal equilibrium on the X-Mn levels [60]. Hence, op-
tical pumping with o~ photons for instance, tends to decrease the population of
the spin state S,=-5/2 and increase that of S,=+5/2, as observed in Fig.2.18(b).
Both mechanisms, absorption selectivity and spin injection, depend on the struc-
ture of the excited states, resulting in a pumping signal which depends on the
excitation energy (Fig. 2.17). An efficient pumping of the Mn spin can be per-
formed within a few tens of ns, showing that at B = 0T the spin relaxation time
of the Mn alone is long enough compared to the X-Mn dynamics.

Mn spin relazation.

Having established a method to prepare the Mn spin, we performed pump-probe
experiments to observe how long the Mn polarization can be conserved (Fig. 2.19).
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Figure 2.19 (a) PL transients recorded on QD1 (corresponding PL in the
inset) under the optical polarization sequence displayed at the bottom of the
plot. The spin distribution prepared by optical pumping is conserved during
Tdark=3.5us. (b) PL transients recorded on QD2. The amplitude of the
pumping signal is restored after 74,-x~3us. From the delay dependence of
this amplitude we deduce a Mn relaxation time of ~700ns.

We prepare a non-equilibrium distribution of the Mn spin with a ¢* pump pulse.
The pump laser is then switched off, and switched on again after a dark time
Taark- Lhe amplitude of the pumping transient after 7,,,., depends on the Mn
spin relaxation in the dark. For QD1 (Fig. 2.19(a)) no transients are observed
after a dark time of 3.5us. This demonstrates that in the absence of charges
fluctuations (i.e. neutral QD (see inset of fig. 2.19(a))) the prepared Mn spin is
conserved over us. For QD2 (fig. 2.19(b)) the amplitude of the pumping signal is
restored after 74,,x~3us. From the delay dependence of this amplitude we deduce
a Mn relaxation time of ~700ns. These two examples show that the measured spin
relaxation is not intrinsic to the Mn spin but depends on its local environment
(strain, presence of carriers...).

More information on the Mn local environment can be obtained from the mag-
netic field dependence of the optical pumping signal. For an isotropic Mn spin, the
decoherence of the precessing spin in a transverse field gives rise to the standard
Hanle depolarization curve with a Lorentzian shape and a width proportional to
1/T, [113]. In the present case, a magnetic field in the Faraday configuration (B,)
does not change significantly the PL transients (Fig. 2.20(b)): a weak increase of
the spin orientation efficiency is observed as soon as a field of a few mT is ap-
plied. By contrast, an in-plane field (B, ) induces a coherent precession of the Mn
spin away from the optical axis (= QDs’ growth axis), so that the average spin
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Figure 2.20 Mn spin transient as a function of a magnetic field applied
in-plane (a) and out-of-plane (b) obtained on QD1. Inset: transverse field
dependence of the transient amplitude AI/I (see Fig. 1). By, is the half
width at half maximum.

polarization, and therefore the amplitude of the optical pumping signal, decays
(Fig. 2.20(a)).

As we have seen in the first chapter, the ground state of the Mn presents a
fine structure resulting from a hyperfine coupling with the Mn nuclear spin, the
crystal field and a magnetic anisotropy DyS? induced by the biaxial strain. This
fine structure controls the Mn spin dynamics at zero or weak magnetic field. At
zero field, in the absence of anisotropy, the precession of the electronic spin of
the Mn in its own hyperfine field should erase any information stored on the
electronic spin [58]. In the presence of magnetic anisotropy, the precession of the
Mn spin in the nuclear field is blocked even at B = 07'. The magnetic anisotropy
also blocks the Mn spin precession in a weak transverse magnetic field. Then
the magnetic field dependence of the optical pumping efficiency is controlled by
the anisotropy Dy. We will come back to this point after a the discussion of the
resonant optical pumping experiments.

Optical orientation of two Mn spins.

A similar optical orientation technique can be used to prepare the spin of two
magnetic atoms embedded in the same QD. The QD is excited on resonance
with an excited state. The relative intensity of the PL lines of X-2Mn depends
strongly on the correlation between the polarization of the excitation and detec-
tion (Fig. 2.21(a)). As each line corresponds to a given M, (total spin projection
along z of the 2 Mn), this shows that the whole process of spin injection and
relaxation creates a non-equilibrium distribution of the two Mn spin states. In
opposition to the observation in QDs containing a large number of magnetic
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Figure 2.21 (a) PL of the exciton exchanged coupled to 2 Mn in a QD
under circularly polarized excitation on an excited state (peak at 2143.5
meV in the inset of Fig. 1.1) and detected in co and cross circular
polarization. (b) Time resolved polarization rate of the low energy line (L.E)
under pulsed excitation at 2143.5 meV. (c) Optical orientation transients
under polarization switching of the excitation detected in circular
polarization on the low (L.E.) and high (H.E.) energy lines. (d) Excitation
intensity dependence of the spin transients detected on the low energy line.
(e) and (f) present the magnetic field dependence of the spin transients in
Voight (e) and Faraday (f) configuration detected on the high energy line.

atoms [74], the polarization of X-2Mn is almost fully conserved during the life-
time of the exciton. Nevertheless, an exciton spin relaxation rate of about 10
ns can be extracted from the time decay of the circular polarization rate of the
exciton (exponential fit in Fig. 2.21(b)).

The main features of time resolved optical orientation experiments performed
on a QD containing 2 Mn are reported in Fig. 2.21(c-f). Switching the circular
polarization of the laser produces a change of the PL intensity with two transients
(Fig. 2.21(c)): first an abrupt one, reflecting the population change of the spin-
polarized excitons; then a slower transient with opposite signs on the two extreme
PL lines (Fig. 2.21(c)) (i.e., when monitoring the Mn spin states M,=+5 or M,=-
5) and a characteristic time in the 10 ns range which is inversely proportional
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to the pump intensity (Fig. 2.21(d)). This is the signature of an optical spin
orientation process which realizes a spin orientation of the two Mn atoms.

As shown in Fig. 2.21(e), the efficiency of the spin orientation increases as soon
as a magnetic field, B,, of a few tens of mT is applied in the Faraday configuration.
By contrast, an in-plane magnetic field (B,) induces coherent precession of the
Mn spins away from the optical axis (QDs growth axis), so that the average
spin polarization, probed by the amplitude of the optical pumping signal, decays.
In this case, a transverse field of 25 mT is enough to erase the optical pumping
(Fig. 2.21(f)). The timescale of the orientation of the 2 Mn as well as its magnetic
field dependence are similar to what was observed for individual Mn atoms.

2.3.2 Resonant optical pumping of a Mn spin

As proposed by Govorov et al. [60], the direct resonant excitation of one optical
transition of the ground X-Mn complex can be used to perform a direct and
more efficient optical pumping of the Mn spin. In this optical pumping process,
a laser drives resonantly one of the exciton-Mn transition ( | — 1,5, = —5/2)
in Fig. 2.22) with a Rabi frequency Q = PE/h, P is the dipolar moment of the
QD transition and £ the amplitude of the electric field of the resonant laser. A
photon absorption occurs only if the Mn spin in the QD is in the S, = —5/2 spin
state. The resultant exciton can radiatively recombine via the same channel, or a
spin-flip process can project the X-Mn complex in a state with S, # —5/2 with a
rate 'y, x. After a few cycles of absorption-emission, the probability of detecting
the Mn in the S, = —5/2 state decreases. In this mechanism, we assume that the
Mn spin is conserved once the exciton has recombined.

The conservation of the Mn spin between the recombination of an exciton and
the absorption of a photon can be altered in two ways: either by a relaxation
process involving an exchange of energy or by a coherent evolution [86, 59]. A
coherent evolution can be neglected if the fine structure of the Mn atom is domi-
nated by a large magnetic anisotropy along the growth axis. Otherwise, processes
such as the coherent evolution of the Mn spin in the hyperfine field of the Mn
nucleus or in the tetragonal crystal field leads to a change of the Mn spin state
between the injection of two excitons. In that case, no optical pumping can occur.
In the following, we will use I'y, ¢ to describe the characteristic rate at which
the Mn spin state changes due to coherent or incoherent processes, when the QD
is empty. This mechanism of Mn spin manipulation is similar to the pumping
process used to prepare a single carrier spin in a QD [39, 56]. It involves an op-
tically forbidden transition (i.e. spin flip of the Mn interacting with the exciton)
and is based on the inequality I"y/, x > Dasnc-

Signature of resonant optical pumping.

To demonstrate and test the efficiency of this optical pumping process, we de-
veloped a two wavelength pump-probe set-up allowing an optical initialization
and read-out of the Mn spin [87]. In this experiment, a resonant circularly po-
larized CW laser (resonant pump) tuned on a X-Mn level pumps the Mn spin.
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Figure 2.22 Energy levels of a Mn doped QD involved in the optical
pumping mechanism described in the text (Black: bright excitons (X3));
grey: dark excitons (Xy)). The sates are displayed as a function of their total
angular momentum M, and energy E. For the resonant optical pumping, the
QD is resonantly driven on the state S, = —5/2 with a o— laser pulse with
a Rabi frequency ). The scattered photons obtained after a spin-flip of the
exciton (rate I'x ar,) are recorded in o+ polarisation.

In the initial state at t=0, the Mn atom is in thermal equilibrium. The resonant
creation of an exciton followed by a spin relaxation of the Mn in the exchange
field of the exciton empties the spin-state under excitation. Then, a second laser
train, linearly polarized and tuned on an excited state of the QD (quasi-resonant
probe), injects excitons independently of the Mn spin state S,. A spin relaxation
of the X-Mn complex under these conditions of excitation drives the Mn atom
back to an equilibrium where all spin states are equally populated. Recording
one of the six PL lines under this periodic sequence of excitation, we monitor the
time evolution of the probability of occupation of a given Mn spin state.

The main features of this experiment are presented in Fig. 2.23. In this example,
o+ PL signal is recorded on the low energy X-Mn line. The QD is resonantly
excited on the high energy state of the X-Mn complex with o— photons. This
excitation can only create an exciton in the dot if the Mn spin state is S,=-5/2.
After this pumping sequence, the resonant pump laser is switched off and followed
by a linearly polarized excitation on an excited state (quasi-resonant probe). The
amplitude of this quasi-resonant PL depends on the population of S,=-5/2 and,
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Figure 2.23 PL transients recorded on the low energy line of a Mn-doped
QD (QD2) under the quasi-resonant (QD excited state: probe) and resonant
(QD ground state: pump) optical excitation sequence displayed at the
bottom. The inset presents the QD PL under non-resonant excitation and
the configuration of the resonant excitation and detection. (i) Difference
between the PL produced by the probe when the pump is OFF and when
the pump is ON, (ii) PL from the pump and the probe and (iii) resonant PL
produced by the pump alone. Because of the Mn spin memory in the
absence of injected carriers, no signature of pumping is observed when the
linearly non-resonant probe is OFF (iii). The optical pumping process is
directly observed on the resonant fluorescence produced by the pump and
latter on the PL from the probe laser. Iy is the amplitude of the fluorescence
at the beginning of the pump pulse and ATl the amplitude of the transient.
AI/Iy is the efficiency of the spin optical pumping.

at the beginning of the probe pulse, is a probe of the resonant pumping efficiency
reached at the end of the pump pulse.

This is illustrated in Fig. 2.23(i) which presents the difference of the two PL
signals produced by the probe when the resonant pump laser was OFF or ON in
the pump-probe sequence presented underneath the curve 2.23(ii). The difference
of the two PL signals reflects the population difference between a sequence with
optical pumping and a sequence where S, = —5/2 is evenly populated. The height
of the difference signal at the beginning of the probe pulse, which reaches 75%
gives a direct measurement of the efficiency of the spin optical pumping. The
PL transients observed during the probe pulse corresponds to the progressive
destruction of the non-equilibrium distribution prepared by the pump. This reset
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process is produced by the injection of unpolarized excitons and its rapidity
depends on the intensity of the probe laser.

A more direct way to probe the optical pumping process is to monitor the
time evolution of the fluorescence signal observed during the resonant excitation.
Excitation transfer can occur within the X-Mn complex during the lifetime of
the exciton and gives rise to a weak PL on all the QDs levels. Whatever the
spin relaxation processes involved in this excitation transfer, this signal depends
on the absorption of the pump laser which is controlled by the occupation of
S.=-5/2: it monitors the spin selective absorption of the QD and is then a direct
probe of the pumping efficiency of the Mn spin. The pumping efficiency is then
given by AI/Iy =~ 75% (see Fig. 2.23), in agreement with the pumping efficiency
measured on the probe sequence.
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Figure 2.24 (a) Excitation energy dependence of the resonant fluorescence
signal obtained on QD2 for cross circular excitation-detection on the high
and low energy exciton line respectively (positive detuning corresponds to an
excitation on the hight energy side of the line). (b) Detail of the resonant
fluorescence transient recorded during the optical pumping process. The
exponential fit (black line) gives an optical pumping efficiency P.;;~75%
and a pump time of 70 ns. (c¢) Amplitude of the resonant fluorescence signal
as the excitation is tuned around the high energy line of X-Mn. The
Lorentzian fit give a full width at half maximum of 80ueV'.

The time evolution of the PL detected on the low energy state of X-Mn un-
der a resonant excitation on the high energy state is presented in Fig. 2.23(ii)
and 2.23(iii) for two different pump-probe sequences: probe ON and probe OFF
respectively. When the probe laser is switched ON, an equilibrium distribution
of the Mn spin is restored by the non-resonantly injected unpolarized excitons
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before each pumping pulse. The absorption, and then the amplitude of the res-
onant fluorescence signal is maximum at the beginning of the pump pulse and
progressively decreases as the state S,=-5/2 is emptied by the optical pumping
process. When the probe laser is switched OFF in the pump-probe sequence, the
resonant fluorescence transients during the pump pulse disappears and a weak
constant PL is observed. This disappearance of the transient is a signature of the
perfect conservation of the Mn spin distribution during the dark time between
each pumping pulse. The steady state PL depends on the optical pumping effi-
ciency which is controlled by the ratio of the relaxation rates for the Mn spin in
the exchange field of the exciton and the relaxation and coherent evolution of the
Mn spin in an empty dot.

Time resolved resonant fluorescence of a Mn doped QD.

The resonant fluorescence signal can be used to analyse the influence of the
excitation power, wavelength and polarisation on the efficiency of the Mn spin
optical pumping [87]. A detail of the time resolved resonant fluorescence signal
obtained with the pump laser tuned strictly on resonance with the high energy
level is presented in Fig. 2.24(b). A decrease of about 75% of the resonant PL
is observed during the optical pumping process with a characteristic time of
Tpump=10 ns. This exponential decay reflects the decrease of the absorption of
the QD induced by the decrease of the population of the state S,=-5/2 and shows
it takes a few tens of ns to initialize the Mn spin. Alternatively, one can say that
the transition can be recycled for a few tens of ns before the laser induces a Mn
spin-flip event. After a few tens of ns the PL reaches a steady state intensity.

Fig. 2.24(a) and 2.24(b) present the amplitude and time evolution of the flu-
orescence signal detected on | + 1,5, = —5/2) for different pump wavelength
around the high energy level | — 1,5, = —5/2). A clear resonant behavior is ob-
served in the initial amplitude I, of the fluorescence signal (Fig. 2.24(c)). This
reflects the wavelength and excitation power dependence of the absorption of the
QD. The measured width of the resonance (~ 80ueV’) is a convolution of the
width of the QD’s absorption in the non-linear regime and of the linewidth of the
excitation laser.

As displayed in Fig. 2.25, the characteristic time and the amplitude of the
optical pumping signal also depends on the excitation intensity. In the low ex-
citation regime, as expected for a spin optical pumping process, the transient
characteristic time (7,umyp) is inversely proportional to the pump laser intensity.
A saturation behavior is clearly observed for the amplitude and the character-
istic time of the resonant fluorescence transient. The saturation of the optical
pumping process results from a saturation of the absorption of the resonantly
excited excitonic level. Indeed, the population of a two level system driven by
a resonant excitation laser is given by [49]: n., = Q*(7)/2(Aw® + T%z + QO 7),
where () is the Rabi frequency, Aw the detuning between the excitation laser
and the excitonic transition, T; and T, the lifetime and the coherence time of
the exciton respectively. The rate of the spin optical pumping process, which is
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Figure 2.25 (a) Excitation power dependence of the resonant fluorescence
signal of QD2. (b) Excitation power dependence of the optical pumping rate.
The vertical dotted line shows the excitation power range used in the optical
pumping wavelength dependence presented in Fig. 32.24. (c¢) Excitation
power dependence of the optical pumping effieciency. The solid lines in (b)
represent the calculated evolution of the population of a resonantly excited
two level system as a function of the square of the Rabi frequency which is
proportional to excitation intensity. In this calculation, T;=180ps, To=50ps
and Q2 is adjusted to reproduce the observed saturation.

proportional to n.,, is expected to increase with the excitation Rabi frequency
until it reaches a saturation value when the Rabi frequency is larger than the
spontaneous emission rate (Q > Ty '). n., obtained with T;=180ps, Ty=10ps
[120] and Aw=0 is compared with the optical pumping signal in Fig. 2.25(b) and
2.25(c). A good agreement with this simple model describing the population of
a two level system resonantly excited by a CW laser is obtained. The efficiency
of the optical pumping (Fig. 2.25(c)) is almost constant over the covered excita-
tion intensity range showing that even at low excitation intensity, the Mn spin
relaxation time remains much longer than the optical pumping rate.

In the saturation regime, if S, = —5/2 the QD is in the | — 1,5, = —5/2)
state half of the time in average. Taking for granted that I'ys, x > Iy, the
rapidity of the optical pumping process is no longer controlled by the rate at
which excitons are injected but depends only on the relaxation rate from the
state | — 1,5, = —5/2) to other X-Mn levels with S, # —5/2. Therefore, the
pumping rate in the saturation regime gives an estimation of the spin-flip rate of
the Mn in the exchange field of the exciton I'y, x/2 & T'pump and a relaxation
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Figure 2.26 Magnetic field dependence of the photoluminescence
excitation (PLE) spectra obtained on the ground state of a Mn doped QD
(QD3) under circularly cross-polarized excitation-detection. The insets
presents a PL spectra of QD3 (arrows point the excitation and detection
wavelength) and the magnetic field (B,) dependence of the amplitude of the
resonant PL signal.

time 7Ty, x &~ 20ns in agreement with the value deduced from photon correlation
measurements [13].

For a given Mn spin state, the amplitude of the resonant fluorescence depends
on an applied external magnetic field. This is illustrated in Fig. 2.26 where the
PLE spectra detected on the low energy line when the excitation laser is tuned
around the high energy level are presented for different magnetic fields in Faraday
geometry. The PL intensity is divided by two for a magnetic field of about 0.1T.
This reduction could either be explained by a reduction of the spin flip rate of
the exciton or an increase of the efficiency of the optical pumping of the Mn spin.
The Zeeman energy of the exciton in this weak magnetic field is not significant
compared to the exchange field with the Mn: the dynamics of the exciton coupled
with the Mn is unlikely to be affected by this small energy change. Indeed, the
Zeeman splitting of the Mn in an empty dot cancels the nondiagonal coupling
induced by the tetragonal crystal field or an anisotropic strained distribution
at the Mn atom location [124, 86]. It improves the Mn spin conservation thus
accounting for the increase of the optical pumping efficiency in a weak magnetic
field. A model of optical pumping taking into account the Mn spin coherent
dynamics and its magnetic field dependence will be presented in the next section.
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2.4 Carriers and Mn spin dynamics in a quantum dot

The optical orientation and optical pumping experiments we have presented re-
quire an efficient Mn spin relaxation in the presence of an exciton in the QD.
They also suggest a strong influence of the Mn fine and hyperfine structure of the
Mn on the pumping process and its magnetic field dependence. We will analyze
in this section the influence of the coherent dynamics of the Mn on the efficiency
of optical pumping and discuss some possible origin of the fast carrier-Mn spin
dynamics in order to explain the optical pumping dynamics.

2.4.1 Influence of the Mn coherent dynamics on the optical pumping

We first consider the coherent evolution of coupled electronic and nuclear spins op-
tically coupled to a single exciton-Mn state (see Fig. 2.27). The states (S,=+5/2,1,)
of the Mn are coupled by a resonant laser to the exciton states (J x=-1,S,=+5/2,1,).
This situation corresponds to the optical pumping experiments performed under
resonant optical excitation of one transition of X-Mn.

I=1.8,2452.1, T
rs
S=+52,1, — S,=5/2.1,
S,=4302,1, S,=3/2, 1

S=21/2.1,

Figure 2.27 Scheme of the energy levels and transitions rates involved in
the resonant excitation model. €2 is the coupling with the laser, 4 is a pure
dephasing of the exciton, I"ps,, is the relaxation rate of the Mn, I',. is the
optical recombination rate of the exciton. An effective relaxation rate of the
exciton-Mn complex I'pymp can be introduced for a description of the optical
pumping effect.
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The Hamiltonian of the coupled electronic and nuclear Mn spins in the ground
state is given in equation (1.21) of Chapter 1. We consider only one exciton state
| + 1) laser coupled with one state of the Mn |S, = +5/2,I,) with a generation
rate I',. This approximation is justified in strongly confined QDs with a large
X-Mn splitting resonantly excited by a narrow band laser. The exciton can relax
to the ground state by conserving the Mn spin with a rate I',.. It can heve a pure
dephasing ~,. The relaxation of the Mn spin in the ground state is described by
a relaxation rate ', coupling one by one the different spin states S,. We do not
consider any spin relaxation for the nuclear spin which is considered to be frozen
in the timescale of the data presented here. An effective spin relaxation rate
(Tpump = 1/Tpumyp) for the exciton-Mn complex is introduce. It allows a transfer
of population from the state |J, = —1,5, = +5/2,1,) to any other spin state of
the Mn |S,) with I, unchanged. This is a simplified effective way to describe the
complex X-Mn spin dynamics at the origin of the optical pumping. The details of
these relaxation channels will be discussed in the next section. At low magnetic
field (lower than a few hundreds mT), we also consider that the hole Mn exchange
interaction is much larger than the Mn Zeeman energy and we will neglect its
influence on the exciton-Mn state.

We compute the time evolution of g, the 42x42 density matrix describing the
population and the coherence of the 36 nuclear (I.) and Mn spins (S.) in the
ground state and 6 exciton sates (+1,5.,=5/2,1,) in the excited state. The general
form (Lindblad form) of the master equation which governs the evolution of p is
given by:

9o _ —i/h[H, o] + Lo (2.15)
ot
Lo separates into one contribution for each coupling or decay channel resulting
from an interaction with the environment [145]:
1- The incoherent population transfer from level j to level 7 in an irreversible
process associated with a coupling to a reservoir. It results in a one way expo-
nential decay that can be described by the operator:

Lines-si0 = -5 @1 lold) il — oli) 4] ~ i) le) (2.16)

where I';_,; is the incoherent relaxation rate from level j to level ¢. This form of
operator can describe the radiative decay of the exciton (irreversible coupling to
the photon modes) or the relaxation of the Mn spin (irreversible coupling to the
phonon modes). Such term can also be used to describe the optical generation
of an exciton in the low excitation regime were one can neglect the energy shift
induced by the strong coupling with the laser field. The influence of a strong
coupling with the laser field will be discussed in chapter 3.

2- A pure dephasing (i.e. not related to an exchange of energy with a reservoir)
can also be introduced and is described by an operator of the form:
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Lacpns5¢ = "2 (213) el = lid ] = 1) (le) (2.17)

where ;; is a pure dephasing rate.

This model of Mn spin coherent dynamics under resonant optical excitation
can be used to analyze the origin of the residual fluorescence signal observed
under optical pumping conditions: Experimentally, the optical pumping efficiency
nether reach 100% and a resonant fluorescence signal can be observed.
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Figure 2.28 (a) Magnetic field dependence of the optical pumping transient
calculated with Dy=5ueV and E=0ueV. The inset shows the amplitude of
px,5/2 at 300ns as a function of a magnetic field applied along the QD
growth axis B,. (b) Optical pumping transients calculated for different
values of £ with Do=5ueV. The inset shows the amplitude of px 5,2 at
300ns as a function of magnetic field B, applied on a QD with E = 1ueV
along z. (¢) Optical pumping transients calculated for different values of
transverse magnetic field B, with Dy=5ueV and E=0pueV. The inset shows
the amplitude of px 5,2 at 300ns as a function of the magnetic field B, . In
all the calculations A=0.7peV and a=0.32ueV. The relaxation times used in
the model are Tjpymp=20ns, Ty=0.5ns, T, =1us and T,=0.25ns.

As confirmed by the calculated PL transients presented in Fig. 2.28(a), the
coherent coupling with the nuclear spin prevents the optical pumping efficiency
to reach 100%. This is particularly pronounced for a weak value of Dy. As ob-
served experimentally, this effect can be suppressed by a weak magnetic field
applied along the QD growth axis. This evolution is qualitatively reproduced by
our simple model (Inset of Fig. 2.28(a)). When the Zeeman energy exceeds the hy-
perfine coupling and the tetragonal crystal field energies, the coherent precession
is blocked and the efficiency of optical pumping is maximum.

An anisotropy in the strain distribution at the Mn spin location, resulting in a
term E(S; — S7) in Mn fine structure, can also be responsible for a poor optical
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pumping efficiency. This is illustrated in Fig. 2.28(b) where the influence of E on
the optical pumping transient are presented. Even a weak anisotropy of the strain
(E' = 0.5ueV compared to the isotropic term Dy=5ueV) significantly reduces the
efficiency of the optical pumping. In the presence of this anisotropy, a magnetic
field along z has a strong influence on the optical pumping transient. The pumping
is almost fully restored and the resonance fluorescence almost suppressed within
the first 100mT, in good agreement with experimental data [87]. This model
confirms that the presence of anisotropic strain at the Mn location is responsible
for the magnetic field dependence of the resonance fluorescence signal and the
poor efficiency of the optical pumping in most of the Mn doped QDs.

The fine and hyperfine structure of the Mn also control the transverse mag-
netic field dependence of the optical pumping. In this case, as we have already
seen above in the optical orientation experiments (Fig. 2.20), the determinant
parameter is the magnetic anisotropy Dy which blocks the precession of the Mn
spin at low magnetic field (Fig. 2.28(c¢). The width the depolarization curve in a
transverse field is then controlled by Dg. A HWHM of about 50mT as observed
experimentally corresponds to a magnetic anisotropy term Dy ~=6ueV [86]. This
suggest a partial relaxation of strain in the QD plane (in a fully strain CdTe layer
on ZnTe, Dy=12ueV).

2.4.2 Mechanism of photo-induced Mn spin orientation

We have observed in time resolved PL experiments, in photon correlation mea-
surements and in optical pumping experiments (both non-resonant and resonant)
a spin relaxation within the exciton-Mn complex in the tens of ns range. This
fast exciton-Mn spin relaxation permits an optical preparation of the Mn spin.
To understand the spin-flips involved in the mechanism of optical orientation,
we will discuss here the main spin relaxation channels within the exciton-Mn
complex. To observed these relaxation channels, we perform resonant excitation
on a given line of the exciton-Mn complex, and detect the PL emitted on the
other lines. The spectral distribution of the scattered photons under resonant
excitation reveals the main spin-flip processes.

First, we report results on a QD presenting a very large splitting and a weak
optical pumping at B = 07". This poor efficiency of the optical pumping can be
attributed to the local strain environment. This case is interesting for a study
of the exciton-Mn dynamics: the QD line under resonant excitation is always
absorbant and the scattered photons reflect the fastest spin relaxation channels.
The large splitting also permits to observed the spin-flips channels among the
bright exciton levels.

In Fig. 2.29(a), we present the following PLE measurements: the detection
window is set on the low energy side of the X-Mn PL, while a circularly cross-
polarized laser scans the high energy lines. A PL spectrum obtained under quasi-
resonant excitation is displayed at the bottom to identify the lines. The three PLE
detected on the low energy lines of X-Mn associated with the Mn spin states +5/2,
+3/2 and 41/2 are presented as plain lines. In addition, PLE spectra detected on
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Figure 2.29 PLE spectra and resonant PL obtained on the ground state of
a Mn doped QD. The resonant PL is obtained under circularly
cross-polarized excitation-detection. The top-inset presents an enlarged view
of the PLE obtained under excitation and detection on the S,=+5/2 state.
The black line is a Lorentzian fit with a half width at half maximum of
80ueV. The asymmetry of the absorption line comes from a coupling with
acoustic phonons. The lower inset presents the evolution of the intensity of
the PL as a function of the energy splitting between the two states involved
in the transition. The labels (1-4) refer to the resonances given in the text.
(b) Calculated bright | + 1) and dark | — 2) energy levels with I.ps,=-0.07
meV, In7,=0.245 meV, I.,=-550 meV, ps/A;, = 0.11, n=20peV and

62 = 0. Because of the large carrier-Mn exchange coupling, the dark exciton
levels overlap with the bright excitons. The valence band mixing couples the
states | + 1, —3/2) and | — 2, —1/2) and gives rise to an additional PL line.

a dark exciton state is also presented (dotted line). The corresponding resonant
PL spectra obtained at the maximum of the PLE signal are displayed. To facilitate
the attribution of the observed lines to the different bright or dark exciton states,
a calculation of the energy levels is presented in Fig. 2.29(b). This QD presents
some valence band mixing and a large overlap between bright and dark excitons
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induced by the strong exciton-Mn coupling. Dark and bright excitons are then
coupled by hole-Mn flip-flops and additional lines are observed in the low energy
side of the spectrum.

From these PLE spectra and resonant PL spectra, it follows that the most
efficient spin relaxation channels within the X-Mn system do conserve the Mn
spin. For instance, an excitation with o+ photons on the high energy line (state
|+ 1,5, = +5/2)) produces 0— PL mainly on the low energy state | — 1,5, =
+5/2). A similar behavior is observed for an excitation on | 4+ 1,5, = +3/2)
which generate a PL on | — 1,5, = +3/2). In both cases, this excitation transfer
corresponds to a spin flip of the exciton from |+ 1) to | — 1) with a conservation
of the Mn spin.

More surprising, an excitation on |+ 1,5, = +1/2) produces the strongest PL
on an exciton level formed mostly of a dark state with a weak oscillator strength
(weak signal in the non-resonant PL plotted at the bottom of Fig. 2.29(a)). Using
Fig. 2.29(b) we can attribute this dark state to either | — 2,5, = +3/2) or
|42, S, = —3/2). A hole-Mn spin flip could explain a transfer to | -2, S, = +3/2).
Such kind of transition occurs with a change in the spin of the Mn and could
be an important ingredient to explain the optical orientation of the Mn in the
exchange field of the exciton. Before going to a more detailed discussion of these
transitions to dark states, let us note that the intensity of the resonant PL (which
reflects the probability of transfer during the life-time of the exciton) increases
with the inter-level splitting of the two-states involved in the transition. This
suggest that an acoustic phonon process is responsible for the efficient exciton
spin flips.

To analyze more in detail the possible transfer to the dark states, we consider
the spin-flip channels in a less split QD, where all the dark states are well sepa-
rated from the bright states and can be observed at zero magnetic field on the low
energy side of the PL spectra (Fig. 2.30). In the PLE experiments presented in
Fig. 2.30, the detection window is set on the dark states while a circularly cross-
polarized laser is scanned on the three high energy levels of the bright exciton.
Let’s describe the three successive resonances we observe.

(1): An excitation on |+ 1,5, = +1/2) produces the dominant PL on a dark
states associated with a Mn spin state £3/2. As a Mn spin flip by two units is
unlikely, we then attribute this PL to | — 2,5, = +3/2). The transfer between
these states involves a hole-Mn spin flip. The second contribution comes from the
state | + 2,5, = 4+1/2). It corresponds to a transfer conserving the Mn spin and
involving a spin flip of the electron.

(2): An excitation on |+ 1,5, = 4+3/2) produces the dominant PL on a dark
states associated with a Mn spin state +5/2. As discussed above, a Mn spin flip
by four units is unlikely, we then attribute this PL to | — 2,5, = +5/2). The
transfer involve a hole-Mn spin flip. The second contribution comes from the
state | + 2,5, = +3/2). It corresponds to a conservation of the Mn spin and a
spin flip of the electron.

(3): From an excitation on |+ 1, S, = +5/2), the dominant PL comes from the
state | + 2,5, = +5/2). It corresponds to a transfer with conservation of the Mn
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Figure 2.30 PLE intensity map detected on the dark states of a Mn-doped
QD. The excitation laser is scanned across the three high energy bright
states. Excitation and detection are circularly cross-polarized. The
resonances (1-3) are discussed in the text. The bottom panel presents
calculated bright |+ 1) (plain line) and dark | — 2) (dotted line) energy levels
with Ioprn=-0.03 meV, Ijp,=0.120 meV, I, =-780 meV, p/A;, = 0.05,
n=10peV and Jo = 0.

spin and a spin flip of the electron. PL is also observed from | — 2,5, = +5/2)
after a spin flip of the hole and from |+2, S, = +3/2). The latter transfer involves
an electron-Mn spin flip. Let’s note that in the state |+ 1,5, = +5/2) a hole-Mn
flip-flop is forbidden (parallel hole and Mn spin).

If we resume the observed resonances in these two QDs, we can distinguish
three types of spin transfer which occurs within the lifetime of the exciton:

e Transfer between bright states which involve a change of the spin of the exciton
while the Mn spin state is unaffected.

e Transfer from a bright to a dark state involving a carrier-Mn flip-flop (hole-Mn
seems to dominate). This produces a change of one unit of the Mn spin state.

e Transfer from a bright to a dark state involving a carrier spin-flip and conser-
vation of the Mn spin. Electron spin flips are the most efficient in QD with a
weak valence band mixing (case of QD presented in Fig. 2.30).
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The two last processes involving a transfer to dark states can lead to an optical
pumping of the Mn spin. Let us consider the case of a resonant excitation on |+
1,5, = +5/2) as in the experiments presented in section (2.3). The three possible
relaxation path were observed: hole spin-flip, electron spin-flip and electron-Mn
flip-flop (a hole-Mn flip-flop is forbidden). Starting from | 4+ 1,5, = +5/2), an
electron spin-flip leads to | + 2,5, = +5/2) which is not admixed to any other
states: an optical recombination of this state will not produce any pumping of
the Mn spin.

On the other hand, a hole spin-flip leads to | — 2, S, = +5/2). The optical
recombination of this dark state can occur thought its small light hole component
and emit a photon m, linearly polarized along the QD growth axis. This does
not occur with any change in the spin state of the Mn and can not explain the
pumping. However, this dark state can also recombine through an admixture with
bright states induced by a hole-Mn flip-flop (admixture with | + 1,5, = +3/2))
or a electron-Mn flip-flop (admixture with | — 1, S, = +3/2)). In both cases,
the recombination of the dark state through its bright heavy-hole exciton part
decreases the Mn spin by one unit. This pumping process was initially proposed
by Cywinski [32] and numerical modeling were performed by Cao et.al. [21]. The
modeling shows that for a large valence band mixing that can induce an efficient
hole spin relaxation, this process could lead to a resonant optical pumping in the
tens of ns range.

This mechanism is likely to be dominant for the optical orientation under non-
resonant excitation. An efficient spin-flip of the hole is expected during the energy
relaxation of the exciton. This leads to an injection of dark excitons. Let’s consider
the case of a o+ excitation (injection of | 4+ 1) excitons). A spin flip of the hole
during the relaxation of the exciton injects a | — 2) dark exciton. Whatever the
Mn spin state S, the recombination of this dark state through its bright heavy-
hole exciton component (electron-Mn or hole-Mn spin-flip) decreases the Mn
spin by one unit (S, — (S, —1)). This is consistent with the observation in the
optical orientation experiments of a progressive anti-ferromagnetic alignement
of the exciton and Mn spins (i.e. increase of S, = —5/2 population under o+
excitation).

However, another mechanism is indeed possible and could contributes to the
orientation of the Mn spin under resonant excitation where spin relaxation of
the hole was not found to be the dominant relaxation channel (Fig. 2.30). Start-
ing from the state |[+1, S, = +5/2), an electron-Mn spin relaxation leads to the
dark state |[+2, S, = 4+3/2). From the state |[+2, S, = +3/2), we need to consider
the two optical recombination path we discuss previously. Optical recombina-
tion through the admixture with bright heavy-hole exciton states (i.e. hole-Mn
or electron-Mn spin flip) will bring back the Mn spin on S, = +5/2 and not
play any role in the optical orientation. However, recombination through the
light-hole component (emission 7, ) leaves in the QD ground state a Mn spin pro-
jection S, = +3/2, differing by one unit from the initial one (S, = +5/2): this
recombination channel can also contribute to an optical pumping of the Mn spin.

An even more complex dynamics is expected for a resonant excitation on +3/2
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or £1/2 where either an increase or decrease of S, could be obtained depending on
the chosen relaxation path. To discriminate the dominant pumping mechanism,
one should perform the resonant optical pumping on different Mn spin states and
in each case observe the Mn spin redistribution among the six levels. We will
discuss the development of such experiments in chapter 3 and will see that other
ingredients, such as pumping of the nuclear spin of the Mn, have to be taken into
account to fully understand the behavior of the Mn spin under resonant optical
excitation.

2.5 Optically dressed magnetic atoms: Towards an optical coherent
control of a Mn spin

We have shown that the fine and hyperfine structure of the Mn atom was con-
trolling its spin dynamics at low magnetic field. We will demonstrate now that
we can optically modify this fine structure by a resonant excitation by a strong
laser field. The consequences of this strong coupling with the laser field on the
Mn spin dynamics will be discussed in chapter 3.

So far, only a few experiments have demonstrated the possibility to use a strong
continuous wave laser field to create hybrid matter-field systems and manipulate
QDs states in their solid environment. The strong coupling regime between a QD
transition and a laser field has been observed for the first time by Kamada et al.
[70]. The optical dressing of an exciton via the biexciton transition using absorp-
tion spectroscopy [69], the Autler-Townes effect in the fine structure of the ground
state of a neutral [150] or charged [80] QD, the Mollow absorption spectrum of an
individual QD [151] and the emission of optically dressed exciton-biexciton com-
plex for a QD in a planar micro-cavity [111] have then been reported. It has also
been demonstrated that the optical Stark effect can be used to compensate the
exchange splitting in anisotropic QDs to produce entangled photon pairs [112].
All these experiments where performed on III-V QDs inserted in optical cavities
to improve the signal collection. We show here that the energy of any spin state
of an individual Mn atom embedded in a II-VI semiconductor QD, can be tuned
using the optical Stark effect induced by a strong laser field [88].

2.5.1 Experimental evidence of optical Stark effect on a Mn spin

Only one spin state of the Mn is addressed when a control laser is circularly
polarized (o+) and tuned on resonance with an emission line of the exciton-Mn
complex. As illustrated in Fig. 2.31, the splitting induced by the control laser
tuned to the high energy line of X-Mn in 04 polarization can be detected in o—
polarization on the low energy line of X-Mn as both lines correspond to the same
Mn spin. This is the equivalent of the Autler-Townes splitting observed in atomic
physics [4].

The control laser field mixes the states with a Mn spin component S,=+5/2 in
the presence (X-Mn) or absence (Mn alone) of the exciton. At the resonance, the
unperturbed states |[Mn) @ |n) and [ X Mn) ® |n — 1) can be dressed into pairs of
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Figure 2.31 Energy scheme of a Mn-doped QD and formation of
light-matter hybrid states by a laser field. In the absence of carriers, the Mn
fine structure is dominated by the strained induced magnetic anisotropy
which also splits the biexciton states (Xo-Mn). The bright exciton levels (X,
with kinetic momentum +1) are split by the exchange interaction with the
Mn (X-Mn levels). A pump laser tuned to a QD excited state is used to
produce PL of any exciton and biexciton states. The Rabi splitting, A2,
induced on the Mn state by the control laser (circularly polarized o+) can
be probed in the PL of the exciton while the splitting of XMn is observed in
the PL of the biexciton. (I,n), (II,n), (I,n+1) and (II,n+1) are the optically
dressed states produced by the mixing of the uncoupled states (XMn,n-1),
(Mn,n), (XMn,n) and (Mn,n+1) where n is the number of photons in the
control laser.

hybrid matter-field states |I,n) and |I1,n) where |n) is a n-photons state of the
control laser. These states can be written as [18]:

|I,n) = c|Mn) ® |n) — s|XMn) ® |n — 1)
|[II,n) = s|Mn) ® |n) + c|XMn) @ |n — 1)

with corresponding energies By = %(w. + wy) & 2Q/. Here, ¢ = /i(1— &)

and s = w/%(l + Qi) 0 = w. — wyp is the laser detuning with w, the resonance
frequency of the unperturbed transition and w,. the frequency of the control laser.
h§Y. = hy/4Q2 + 02 defines the energy splitting of the dressed states where €2, =
PE/h is the Rabi frequency with P the dipolar moment of the QD transition
and £ the amplitude of the electric field of the control laser. A power dependent
Autler-Townes type splitting is then expected for all transitions that share such
an optically dressed state [4, 108].

Experimental data corresponding to a control laser tuned on | 4+ 1,45/2) and
the observation of an Autler-Townes splitting in the PL of the state | — 1,+5/2)
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Figure 2.32 Autler-Townes splitting of the emission of | — 1,+5/2) in a
Mn-doped QD (QD1) resonantly excited on |+ 1,45/2). (a) shows the
non-resonant PL of the QD. The intensity map (c) shows the excitation
energy dependence of the Rabi splitting. The corresponding emission
line-shape is presented in (d). The inset shows the spectral position of the
Autler-Townes doublet as a function of the pump detuning. The fit is
obtained with a Rabi energy A2, = 180ueV . The straight lines corresponds
to the uncoupled exciton and laser energy. The excitation intensity
dependence of the Autler-Townes doublet is presented in the intensity map
(e). The corresponding emission line-shape are presented in (f). The inset
shows the evolution of the Rabi splitting as a function of the square-root of
the pump intensity. A linear increase is observed. (b) presents the circular
polarisation dependence of the Rabi splitting obtained under resonant
excitation.

are presented in Fig. 2.32. Particular care is given to the effect of the detuning
of the control laser from the X-Mn resonance (Fig. 2.32(c) and 2.32(d)) and its
intensity (Fig. 2.32(e) and 2.32(f)). At large laser detuning, the optically active
transitions asymptotically approach the original excitonic transitions where the
remaining energy offset is the optical Stark shift. At the resonance, an anti-
crossing is observed showing that the strong coupling between the laser field
and the exciton creates hybrid light-matter states. As presented in the inset of
Fig. 2.32(d), a good agreement with the simple dressed atom model is obtain with
a Rabi energy of h€2,=180ueV. On resonance, the emission from the | — 1, +5/2)
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state splits into a doublet when the power of the control laser is increased, as
expected from the Autler-Townes model. The splitting is plotted as a function
of the square root of the control laser intensity in Fig. 2.32(f), showing that the
splitting linearly depends on the laser field strength. A Rabi splitting larger than
250pueV is obtained at high excitation intensity. It is worth noting that these
energy shifts can be easily larger than the magnetic anisotropy of an isolated Mn
spin created by the strain in the QD plane (=50ueV). As we will see in chapter
3, this optical tuning of the fine structure may lead to a control of the coherent
dynamics of the isolated Mn spin.

The high energy transition of X-Mn is twice degenerated. The corresponding
optical transitions differ by the polarization of the absorbed or emitted photons.
The polarization dependence of the laser induced splitting shown in Fig. 2.32(b)
confirms the Mn spin selectivity of the strong coupling with the laser field: o+
photons couple with the state |+5/2) of the Mn to create two hybrid light-matter
states while no splitting of the o— PL line is observed with o— control photons.

2.5.2 Individual addressing of any Mn spin state

The strong coupling with the control laser is also observed in optical transitions
that involve the biexciton exchanged coupled to a single Mn (X,-Mn). This is
illustrated in Fig. 2.33 in the case of successive resonant excitations on the X-Mn
levels with a Mn spin state S,=+1/2, +3/2 and +5/2. In these cases, the recom-
binaison of X,-Mn probes the laser induced splitting of X-Mn for a given spin
states of the Mn. It is shown here that any X-Mn transition, and consequently
any Mn spin state, can be optically shifted by a control laser tuned on resonance.
As illustrated in Fig. 2.33(c), by coherently driving the X»-Mn to X-Mn transi-
tion, one can also tune the energy of any state of the X-Mn complex. This set
of experiment demonstrates that a complete optical control of the exciton-Mn
system is possible.

It is also demonstrated here that the use of a resonant strong laser field allows
to individually address any spin state of the Mn even if they are coupled by
the exciton through the valence band mixing. The particular situation where
the Mn spin states | + 1/2) and | + 3/2) are significantly mixed is presented in
Fig. 2.34. The spectrum of this QD (QD2 in Fig. 2.34(a)) differs clearly from the
one expected in the pure heavy-hole approximation and presents seven peaks.
The valence band mixing couples | — 1,+3/2) with | + 2,41/2) and the new
eigenstates share the oscillator strength of the bright state | — 1, 4+3/2). The two
lines on the right of the low energy state can be attributed to the bright part of
these mixed bright-dark excitons. This attribution is confirmed by the calculation
of the energy levels presented in Fig. 2.34(b).

As shown in Fig. 2.34(c) and 2.34(d), it is possible to optically address selec-
tively one state (and one only) of the Mn spin in the mixed bright-dark XMn
levels. When the o+ control laser is tuned on the state | + 1, +3/2) (line (d)), a
Autler-Townes splitting is observed in o— polarization for both components of the
emission of the dark-bright excitonic complexes (lines (a) and (b) in Fig.2.34(c)).
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Figure 2.33 (a) PL of the exciton and biexciton in a Mn-doped QD (QD2).
(b) Autler-Townes splitting of the exciton in QD2 detected on the biexciton
PL under resonant excitation of the ground-to-exciton transition for the spin
state of the Mn S,=+5/2 (i), S,=+3/2 (ii) and S,=+1/2 (ii) (arrows in the
PL of QD2). (c) Emission of the exciton for a dressed exciton-to-biexciton
transition. The excitation is tuned around the state S,=+3/2 of the
biexciton (iv).

This arises from the control laser induced splitting of their common final state
with a Mn spin S, = +3/2. With a resonant excitation on the mixed bright-dark
states, only the states which share a S, = +3/2 Mn spin are split: the dark part
with Mn spin S, = +1/2 is not affected. This is demonstrated in Fig.2.34(d).
The o— control laser splits the Mn state | + 3/2) which leads to the doublet
formation in the o+ PL from the state | +1,43/2) (line (d)) while no splitting
of the state | + 1,4+1/2) (line (c)) is observed. The Mn spin state S, = +1/2 is
not affected by the control laser tuned on the dark-bright mixed exciton. This
experiment suggests the possibility to optically control the exciton induced cou-
pling between two spin states of the Mn atom, an important step towards coding
quantum information on an individual magnetic atom [127].

Finally, it is shown in Fig. 2.35 that, in QDs containing 2 Mn atoms, a se-
lective addressing of the X-2Mn complex can be achieved with a control laser
on resonance with one of the PL line and the energy of the 2 Mn spins tuned
optically. When a control single mode laser is tuned to the high energy line of
X-2Mn in o+ polarization, one observes a power-dependent (Fig. 2.35(b)) and
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Figure 2.34 Rabi splitting obtained on mixed bright-dark exciton states in
QD2. (a) presents the PL of QD2. The intensity of the lines is influenced by
the absorption selectivity of the excited state (see ref. [57]). The
corresponding theoretical emission spectra is presented in (b). It is
calculated with I.p;,=- 0.095 meV, Ij,3;,=0.3 meV, I.,=-0,6 meV and
p/An = 0.1, 62=0.05 meV and T.rr=25K. (c) presents the laser detuning
dependence and the excitation power dependence of the Rabi splitting
obtained on mixed bright-dark exciton under excitation on (i). (d) presents
the detuning and excitation intensity dependence measured on the high
energy transitions associated with the Mn spin state S,=+1/2 and S,=+3/2
under excitation on the mixed dark-bright exciton (ii).

tuning-dependent (Fig. 2.35(c)) splitting of the low energy line of X-2Mn in o—
polarization. Since the ground state is the same for both transitions, this shows
that the energy of Mn spins of the ground state are tuned by the resonant laser
field.

As in the 1 Mn case, the strong electric field of the control laser field mixes the
states with a 2 Mn spins component M,=+5 in the presence (X-2Mn) or absence
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Figure 2.35 (a) Nonresonant PL of the exciton exchanged coupled to two
Mn (X-2Mn) in a QD.(b) PL map of the X-2Mn versus the power of the
control laser in resonance with Ex1. (c,d) PL maps of the X-2Mn when the
control laser energy is tuned around the 2-Mn spin states M,=+5 (¢) and
M.=+4 (d).

(2 Mn alone) of the exciton. At resonance, hybrid matter-field states are created
(Fig. 2.35(b)). As the laser detuning increases, the optically active transitions
asymptotically approach the original excitonic transitions where the remaining
energy offset is the optical Stark shift (Fig. 2.35(d)). The use of a resonant laser
field allows to individually address any spin state of the 2 Mn if the corresponding
excitonic transition is sufficiently isolated from the others (Fig. 2.35(c) M,=+5
and Fig. 2.35(d) M,=+4).

2.5.3 Mn energy levels in the strong coupling regime.

Let us finally analyze the influence of the strong laser field on the Mn fine and
hyperfine structure. We start again from the Hamiltonian of the coupled electronic
and nuclear Mn spins given in equation (1.21) of chapter 1. This structure is
mainly controlled by A, the hyperfine coupling with the nuclear spin, and D, the
strain induced magnetic anisotropy. We consider, as in the experiments presented
previously, that the Mn spin is coherently coupled to a single excited exciton-Mn
level (+1,5, =5/2,I,) with a resonant laser field. This is a good approximation
if the Rabi splitting induced by the resonant laser is much weaker than the
splitting between the lines of the X-Mn complex. This can be verified in most of
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the Mn doped QDs as the laser energy shift we need to influence the Mn spin
fine structure is typically lower than 50ueV.
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Figure 2.36 Fine structure of the Mn spin in a strained QD as a function
of the Raby energy A€),.. The enlarged view in the inset shows anti-crossing
between the different Mn spin states S, = +5/2 and S, = +3/2. Calculated
with A = 0.7 ueV, Dy =10 ueV, a = 0.32 ueV.

The Hamiltonian of the coupled light matter systems in the semi-classical limit
reads:

Him = Harn + 6 — BQ,.(d" + d) (2.18)

where § = hwy — hw; is the detuning between the optical transition and the laser
of frequency wy and w; respectively. d (resp. d') is the annihilation (resp. creation)
operator of an exciton of energy fiwy. €, = y/ng is the Raby frequency, with ¢
the electrical dipole matrix element describing the coupling between the dipole
of the QD transition and the mode w; of the electric field and n the number of
photons in the mode. The optically dressed states are found diagonalizing the
total Hamiltonian. The result of the diagonalization for different values of €2,
is presented in Fig. 2.36. As expected, optically dressed states are created for
S.=+5/2 and all the spin states of the nuclei I,. As observed experimentally
(Fig. 2.32), the laser induced splitting can be much larger than the fine structure
produced by Djy. Consequently, the degeneracy between S,=+5/2 and S,=+3/2
can be optically restored. The strong coupling with the laser field could be used
to tune the energy of any other spin state of the Mn and control their degeneracy.

When the light induced energy shift compensate the strain induced magnetic
anisotropy, two consecutive spin states of the Mn are coupled by simultaneous
electron-nuclei flip-flops, governed by Hpyyper = A[LS, + 1/2(ITS~ + I~5T)].
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This is responsible for the anti-crossing observed between the states S,=+5/2
and S,=+3/2 in the inset of Fig. 2.36. At the resonance, as Dy blocks further
evolution in the spin ladder, the electronic and nuclear spins will start to oscillate
at the Raby frequency (governed by .A). This coherent oscillation killed by the fast
dephasing time of the dressed states could perturb significantly the initialization
of the electronic spin and lead to a pumping of the nuclear spin. We will discuss
the dynamics of these optically dressed states in the next chapter.

2.6 Summary and conclusion

We have shown in this chapter that the optical injection of spin polarized carriers
in a QD could be an efficient way to prepare and probe the dynamics of carriers,
nuclei and magnetic atoms spins.

We have first evidenced the coherent time-evolution of the electron-nuclei cou-
pled system. Although no hysteresis was observed, the diluted nuclear spins in
II-VI QDs present a very rich and complex dynamics. We have observed that un-
polarized nuclear spins could cause a rapid decoherence of the resident electron.
Under optical pumping conditions, an efficient nuclear spin could be obtained,
limiting the electron spin relaxation at zero field. These nuclear effects could in
principle be completely avoided in II-VI materials through the use of isotopically
purified materials.

Similar time resolved optical pumping experiments have been used to study the
dynamics of individual Mn spins embedded in II-VI QDs. We have shown that
Mn spin orientation could be achieved using light of a controlled helicity and
energy. This was the first demonstration of the optical pumping of a magnetic
atom in a solid state environment. Such orientation can be performed in a few
tens of ns. The spin distribution obtained by such means is perfectly conserved
over a few ps. This is a direct evidence of the long spin memory of an individual
Mn atom.

The dynamic of the Mn spin orientation at zero magnetic field is controlled by
a magnetic anisotropy produced by the presence of strains at the Mn location.
The strain induced fine structure explains the saturation of the efficiency of the
pumping process (at ~ 75%, in the best cases) under resonant excitation. We
discussed possible processes responsible for the photo-induced spin-orientation
involving a hole spin-flip, or carrier-Mn spin-flips. These spin-flips have been
evidenced experimentally but their origin needs to be clarified.

We have also demonstrated the possibility to create optically dressed states
on a Mn-doped QDs. This signature of a strong light-matter coupling and of an
optical Stark shift of the Mn spin is promising for coherent manipulation of the
Mn atom. We will discuss in the next chapter the spin dynamics of these optically
dressed states and see how the optical tuning of the energy of the Mn electronic
spin can be use to control the coupling with its nuclear spin.
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3

Coherent dynamics of few interacting spins
in a quantum dot

In this chapter, we discuss ongoing and future experiments for the study of the
coherent dynamics of a few interacting spins in a semiconductor host: one or
two Mn spins in interaction with their nuclear spins, electron or hole spins in a
QD interacting or not with a Mn spin and in contact with a diluted nuclear spin
bath. These are ideal objects for the study of the coherent transfer of information
between spins subsystems in a quantum object.

We will first present a new technique under development to analyze the optical
preparation of the electronic Mn spin and the interaction with its nuclear spin.
This technique, based on a two-photon excitation of the biexciton combined with
a resonant excitation of the exciton, will be used to analyse the influence of the
strong coupling with a laser field on the optical preparation of the Mn spin. We
will show that for particular conditions of detuning and Rabi energy, the creation
of dressed states in a Mn doped QD can lead to a new way to initialize the Mn
spin that we call ”population trapping”. We will discuss possibilities to optimize
this spin preparation. We will also show how the strong coupling with a laser
field can be used to optically control the electronic spin / nuclear spin coupling
on a Mn atom and how an optical access to the nuclear spin of the Mn should be
possible.

We will discuss methods to access the spin dynamics of the optically dressed
states of the Mn. The influence of the strong coupling on the Mn spin dynamics
will be particularly important for unstrained QDs where the creation of dressed
states should block the coherent electron-nuclei flip-flop induced by the hyperfine
coupling. First results on the development of unstrained singly Mn-doped QDs
will be presented. Strategies to increase the photon collection from Mn-doped
QDs in order to access the dynamics of the dressed states with the two-photon
technique will also be presented.

An important step for the possible use of magnetic atoms as spin memories in
devices would be to be able to coherently couple two or more magnetic atoms. In
QDs containing two magnetic atoms, the injection of a carrier during a controlled
time could be used to induce a coherent coupling between the localized spins. In
a long term perspective, each Mn spin could be addressed with a resonant micro-
wave excitation and their interaction controlled by an injected carrier. As a first
step toward this goal, we will study the spin dynamics in QDs containing one or
two magnetic atoms and an individual injected carrier. We will analyze how the
exchange interaction with a Mn spin can stabilize the confined carrier spin and
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study the dynamics of the carrier induced ferromagnetic coupling between two
localized spins.

We will in a last section discuss the possibility of a coherent control of an
individual carrier or Mn spin exploiting time resolved optical Stark effect in a
transverse magnetic field or a direct micro-wave excitation. We will present a
protocols for a full optical coherent control of a Mn spin in unstrained QDs and
for an optically detected magnetic resonance of a Mn spin.

3.1 Dynamics of coupled electronic and nuclear spins of a Mn atom.

As we have seen in chapter 2, because of the fine and hyperfine structure of
the Mn, different S, of the Mn are coupled by the non-diagonal terms of Hj,
(equation 1.21). For instance, the hyperfine terms A couples two consecutive Mn
spin states through an electron-nuclei flip-flop. We can then expect that a non-
equilibrium population of the electronic spin of the Mn will be transferred to its
nuclear spin. This would lead to a pumping of the nuclear spin under optical
pumping of the Mn. However, in the presence of large magnetic anisotropy, these
electron-nuclei flip-flops are blocked. An anisotropic strain distribution in the QD
plane can also couple spin states separated by two units through the crystal field
term E(S2—S;). These coupling are likely to affect the population redistribution
on the different Mn states under resonant optical pumping.

The strong coupling with a resonant laser field can be used to tune the energy
of one Mn spin level across the full fine structure of the Mn atom. This gives
an optical way to control the flip-flops of the electronic and nuclear spins. The
energy tuning of the optically dressed states should then have an influence on
the dynamics of the Mn spin. We will see that the detuning and the intensity
of the resonant laser can significantly affect the initialization of the electronic
Mn spin and could lead to an optical pumping of the Mn nuclear spin. We will
discuss methods to probe the dynamics of the optically dressed Mn atom and the
dynamics of preparation and relaxation of its nuclear spin.

3.1.1 Spin dynamics of an optically dressed Mn atom: Controlled
electron-nuclei flip-flops.

In order to gain knowledge on the repartition of the population on the electronic
spin states of the Mn under resonant optical excitation, we are developing a
technique allowing probing simultaneously the population of the six spin states
of the Mn in the resonant optical excitation regime.

This experiment is based on the two-photon creation of a biexciton under
pulsed excitation (see Fig. 3.1). A picosecond pulsed excitation tuned in between
the exciton and the biexciton levels can directly create a biexciton in a QD
through a two-photon transition [50]. As the biexciton is a spin singlet state it
does not interact with the Mn spin and the direct injection of the biexciton in a
Mn-doped QD offers a way to observe the six spin population without perturbing
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Figure 3.1 Scheme of the optical transitions and their polarization in a QD
containing an individual magnetic atom and 0, 1 or 2 excitons. The exciton
state is split by the exchange interaction with the Mn spin whereas in the
ground and biexciton states the energy levels results from the fine and
hyperfine structure of the Mn spin. By a two-photon process, a direct
resonant transition from the ground to the biexciton state is possible
without the intermediate creation of an exciton.

too much the system. This population can be extracted from the intensity of the
PL lines of the biexciton. Moreover, as the emission of the biexciton is shifted
by 10 to 14 meV below the resonant excitation on the exciton-Mn levels, it can
be easily separated from the scattered photons of a pumping laser tuned on
resonance with an exciton-Mn state. The use of a resonant excitation to create
the biexciton avoids the injection of free carriers in the vicinity of the QD and
consequently limits the spin relaxation of the Mn by exchange coupling with free
carriers. Let’s note however that the cascade recombination of the biexciton leaves
in the QD a maximum of one, in average unpolarized, bright exciton every 13 ns.
These exciton can slightly perturb the Mn spin prepared by the resonant optical
excitation but, as we will see, a signature of the resonant excitation should in
general be observed.

A two-photon PL spectra of a Mn-doped QD is presented in Fig. 3.2. This figure
illustrates the experimental configuration. The biexciton is resonantly created by
a linearly polarized pulsed excitation tuned at equidistance from the exciton and
the biexciton transitions. As expected from the optical selection rules, circularly
polarized pulses do not create any PL. This confirms that one can find experi-
mental conditions where the PL signal from the biexciton is fully dominated by
the two-photon resonant excitation. Such experimental configuration is necessary
to avoid any perturbation of the Mn spin by non-resonantly created free carriers
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Figure 3.2 Photoluminescence spectra of a Mn-doped QD obtained under
a two-photon pulsed resonant excitation. The resonant creation of the
biexciton is only possible for a linearly polarized excitation (black) whereas
no PL is observed for circularly polarized pulses (red). Inset: PL intensity of
the exciton versus pulsed excitation power. The influence on the Mn spin
population of a resonant CW excitation on X-Mn (green) can be detected in
the intensity distribution of Xs-Mn.

and efficiently use the biexciton intensity distribution as a probe of the Mn spin
population.

The first results of a two-photon detection of the resonant Mn spin preparation
are presented in Fig. 3.3. These results are obtained under circular polarization for
the resonant CW excitation and the optical detection of the biexciton. Without
resonant excitation on X-Mn, an equally distributed population is observed in
the biexciton PL lines showing that the two-photon excitation does not produce
any pumping of the Mn. A strong change in the intensity distribution is observed
when a CW laser is scanned on each X-Mn level suggesting a complex dynamics.

Under circular excitation, a resonant excitation on a X-Mn level only address
one spin state of the Mn. For co-circular excitation on X-Mn and detection on
X5-Mn, the low energy lines of X and X, corresponds to the same spin state of
the Mn (Fig. 3.1). As the CW laser is scanned around the low energy line of X,
it mainly affects the low energy line of X,. Similarly, as the high energy line of
X is excited, the high energy line of X, is perturbed showing that the resonant
excitation mainly affects the spin state which is directly addressed.

To illustrate the effect of the resonant laser on the Mn spin population, let’s
focus on the two outside lines of the biexciton PL. They corresponds to the spin
states S, = +5/2 or S, = —5/2. The intensity of these lines is presented in
figure 3.3(b) versus the energy of the resonant CW pumping laser scanned on
the X-Mn levels. As expected for an optical pumping, one observes a decrease of
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Figure 3.3 Map of the intensity of X5 versus the energy of the CW
resonant excitation on X for co (a) and cross (c) circular excitation on X and
detection on Xs. (b) and (d) present the corresponding intensity curves of
X for the spin states S.=+5/2 and S,=-5/2.

the population of S,=-5/2 when the laser is tuned on resonance with the level
(J.=+1,S,=-5/2). However, a strong increase of the population of S,=-5/2 is
observed a soon as soon the pumping laser is slightly detuned on the high energy
side of the transition. A similar behavior is observed when the high energy line
of X-Mn is excited and the high energy line of X,-Mn is probed (i.e. exciting and
detecting the Mn spin state S,=+5/2). As expected for a Mn spin dependent
phenomena, reversing the circular polarisation of detection (Fig.3.3(c) and (d))
reverses the role played by the high and low energy line of X,-Mn and a similar
strong increase of population is observed on S,=+5/2 or S,=-5/2 for a slightly
detuned excitation on X-Mn.

A detail of the evolution of the PL intensity distribution obtained by scanning
a circularly polarized single mode laser around the low energy line of X-Mn is
presented in Fig. 3.4. This detail scan allows to quantify the observed energy
shift. For an excitation around (J,=+1,5,=-5/2), the maximum of population of
S.=-5/2 is obtained for a laser detuning of about 60 ueV.
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Figure 3.4 Map of the intensity of X5 versus the energy of a single mode
resonant excitation on X for co (a) and cross (c) circular excitation on X and
detection on Xs. (b) and (d) present the corresponding intensity curves of
Xy for the spin states S.=+5/2 and S,=-5/2.

These first experimental results show that on one hand, as expected from pre-
vious resonant optical pumping experiments, a resonant excitation decreases the
population of the spin state which is excited. On the other hand, a slight detun-
ing of the laser can, in some of the dots, "trap” the Mn spin population in the
state which is excited. We will see in the following that this is a signature of the
coherent dynamics of the Mn spin coupled with its nuclear spin in the resonant
laser field.

3.1.2 Coherent dynamics of a Mn spin under a resonant laser field.

We present here a model under development that describes the coherent dynamics
of an optically dressed Mn atom and discuss the consequence of the coupling with
the laser field on the Mn spin optical preparation. We will show in particular
how the optical Stark shift induced by a resonant laser will be used in future
experiments to control the coupling between the electronic and nuclear spins of
a Mn atom and will be exploited to optically pump and probe the nuclear spin
of an individual Mn atom.

The optically dressed Mn energy levels obtained under a resonant excitation by
a single mode laser were already presented in chapter 2 (Fig. 2.36). The expected
coherent dynamics of these dressed states can be calculated using the general
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form of master equation for a multi-level system (equation 2.15) also introduced
in chapter 2.
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Figure 3.5 Scheme of the energy levels and transitions rates involved in the
resonant excitation model presented in the text. §2,. is the coupling with the
laser field, 4 is a pure dephasing of the exciton, I'jy, is the relaxation rate
of the Mn, I',. is the optical recombination rate of the exciton. A relaxation
rate of the exciton-Mn complex I'pymyp is used for an effective description of
the optical pumping effect. Green arrows illustrate some coherent coupling
induced by the non-diagonal terms of Hpy,.

For a general description, valid from the low to the high excitation intensity
regime, we consider that the laser field induces a coherent coupling between the
ground and exciton state. The coherent coupling between two levels induced by a
strong resonant laser field leads to Rabi oscillations between the populations g;;
and g;; and coherence of these levels o;; = ¢j;. In the Lindblad equation (2.15),
this reversible coupling can be described by the operator:

Leon,icrjo = i%(l]’)(il@ +19)(le = elg) (il = eli) (4]) (3.1)

where Q;; = P,;€/h is the Rabi frequency with P;; the dipolar moment of the
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QD transition and £ the amplitude of the electric field of the control laser. This
term, which corresponds to the dipole field coupling, could be included in the
Hamiltonian evolution. However, this form of Lindblad operator L., i« ; is more
practical for programming.

Figure 3.5 presents the energy levels of the simplified system considered in the
calculations. The states (S,=+5/2,1,) of the Mn are coupled by a resonant laser
to the exciton states (J,=-1,S,=+5/2,1,). In a first approximation, we neglect the
possible excitation of more than one exciton state by the resonant laser (i.e. the
splitting between the X-Mn lines is larger than the Rabi energy or the detuning
of the laser). This approximation will be valid in QDs with a large exciton-Mn
overlap.
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Figure 3.6 Calculated population of the six spin states of a Mn versus the
detuning of the excitation laser around the exciton state (J,=-1,S,=+5/2,1,)
for different Rabi energies (a) Q, = 12.5ueV, (b) Q, = 25ueV and (c)

Q, = 50ueV. The other parameters are E = 0.35ueV, A = 0.7ueV,

Dy = TpeV, a=0.32peV, Tarn = 250ns, 7, = 0.25ns and Tpymp = 60ns.

The calculated evolution of the population of the different spin states of the
Mn with the detuning of a circularly polarized laser around (J,=-1,S,=+5/2) is
presented in Fig. 3.6 for different Rabi energies. As expected, at low Rabi energies
and zero detuning, an optical pumping of the state S,=+5/2 is obtained. As the
laser is detuned, a strong increase of the population of S,=+5/2 is observed. This
evolution is very similar to the one observed in the experiment. Simultaneously,
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the population of S,=41/2 significantly decreases. This is what we will call the
"population trapping”. The spectral width of the pumping signal (i.e. decrease
of population obtained on resonance with the transition) increases with the Rabi
energy and dominates the population trapping at hight excitation intensity.

It appears in the calculation that the states S,=+5/2 (i.e. excited by the laser)
and S,=+1/2 are the most affected by the laser detuning. Let’s give a qualita-
tive description of the observed complexe dynamics. As the pumping laser is
detuned from the transition, the dressed states associated with S,=45/2 can
be pushed on resonance with S,=+1/2. If the QD presents an in plane strain
anisotropy, S,=+5/2 and S,=+1/2 are coherently coupled by the term E of the
crystal field. This coherent coupling produces an enhancement of the population
transfer between S,=+1/2 and the dressed states when they are on resonance
(at the resonance, mixed states are created by the coherent coupling term). The
optical recombination of the optically dressed state, which is mainly excitonic,
induces an irreversible transfer of population from S,=+1/2 to S,=+5/2. In ad-
dition, S,=+1/2 and S,=-1/2 are coherently coupled by the hyperfine interaction
which, through electron-nuclei flip-flops, induces an oscillation of population be-
tween these two levels. Consequently, both S,=+1/2 and S,=-1/2 populations are
transferred to S,=+5/2 through the coherent coupling with the dressed states.
The strong influence of the in-plane strain anisotropy E is confirmed by the cal-
culation: if the term F is suppressed, the population trapping regime disappears
(not shown). A value of F corresponding to a few percent of Dy (5% in the calcu-
lation presented in Fig. 3.6) can explain the redistribution of population observed
in the resonant excitation experiments.

The interest of this trapping mechanism in the case of a Mn atom is that it
should permit to prepare the Mn in one given spin state instead of just reducing
the population of the state which is resonantly excited like in the optical pumping
experiments we used until now. The first results of the model confirms that the
dynamics we observe results from a coherent coupling between the Mn spin states
induced either by the hyperfine coupling or an in-plane anisotropy in the crystal
field. A detailed experimental study of this mechanism will be performed.

The efficiency of the population trapping is conditioned by the overlap of the
optically dressed states with the Mn spin states not coupled to light and by the
efficiency of the population transfer between these states. Both parameters are
controlled by the combination of the laser power and detuning. A systematic
study has to be performed to find the optimal excitation conditions to prepare
the Mn spin.

Another possibility to affect the coherent coupling between the Mn spin states
would be to apply an external magnetic field. In particular, a weak transverse
magnetic field induces coherent coupling among the Mn spin states and should
enhance the population trapping. However, as we have seen in optical pumping
experiments, a transverse field which dominates the magnetic anisotropy, will
erase the Mn spin memory. An optimum in the transverse magnetic field depen-
dence of the trapping efficiency should be found to enhance the fidelity of the Mn
spin preparation.
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3.1.83 Time resolved optical pumping of coupled electronic and
nuclear spins.

In the previous modeling, we just considered the steady state population of the
Mn. We will now analyze how this stationary state is reached to estimate in
which extend time resolved measurements could give the detail of the population
transfer involved in the population trapping mechanism.
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Figure 3.7 Dynamics of the electronic spin of the Mn under excitation
around S,=+5/2. (a) detuning § = —20ueV and (b) 6 = —40ueV. The other
parameters are A = 0.7ueV, Dy = TueV, a=0.32ucV, E = 0.35ueV,

Tavn = 250ns, 7, = 0.2518, Tpump = 60ns and Q, = 25ueV. The dynamics
strongly depends on the detuning.

The expected dynamics of coupled electronic and nuclear spins under resonant
optical excitation including the fine and hyperfine structure of the Mn and the
strong coupling with the resonant laser field are presented in Fig. 3.7 for two
different detunings. It appears that the dynamics strongly depends on the laser
detuning. For a detuning of § = —40ueV (Fig. 3.7(b)), the steady state is reached
in less than 100 ns. For this value of detuning, the S,=+5/2 dressed states are on
resonance with S,=+1/2 and the rise time of the S,=+5/2 population measures
the fast population transfer between these states.

If the detuning is slightly reduced (§ = —20ueV, Fig. 3.7(a)), the S,=+5/2
population presents a non-monotonic evolution. A fast initial increase in a few
tens of ns is followed by a slower decrease and the steady state is reached af-
ter 500ns. For this detuning, the optically dressed states are on resonance with
S.=+3/2. The dressed state and S,=+3/2 are coherently coupled by a flip-flop
with the nuclear spin induced by the hyperfine coupling. This coupling associated
with the optical recombination of the dressed state leads to a transfer of pop-
ulation from S,=+3/2 to S,=+5/2. The increase by one unit of the electronic
spin is associated with a reduction by one unit of the nuclear spin. Repetition
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of this process can lead to an optical pumping of the nuclear spin. This is re-
sponsible for the calculated long timescale decrease of the S,=+5/2 population:
as the nuclear spin get polarized, the coherent transfer induced by the electron-
nuclei flip-flop are progressively blocked and the S,=+5/2 population reaches its
steady state. This expected complex spin dynamics will have to be studied in
details experimentally.

The recently developed two-photon detection technique will be used to time
resolved the population of each Mn spin state under resonant optical pumping
conditions to reveal the long time scale dynamics induced by the fine and hyper-
fine structure of the Mn. These time resolved experiments would benefits from
an improvement of the efficiency of the photon collection. Strategies to improve
the photon collection from Mn-doped QDs will be presented in the last part of
this chapter.

3.1.4 Optical control of the Mn nuclear spin.

Probing a single nuclear spin represents both the ultimate resolution limit of
magnetic resonance imaging and a requirement in quantum computing proposals
where the nuclear spin is used as a qubit. The idea of storing and manipulating
information in nuclear spins goes back to quantum computing proposals based
on P donors in Si [71]. Because of their very small coupling to their environment,
the nuclear spin coherence time is expected to be very long but, for the same
reason, quantum measurement of a single nuclear spin remains a formidable task.
However, recent experimental breakthroughs have permitted performing single
shot nondestructive measurement of a single nuclear spin by means of optically
detected single spin magnetic resonance in NV centers in diamond [115].

We will show here how we can use the resonant optical excitation of a magnetic
QD to access to the nuclear spin of an individual Mn atom in its diluted nuclear
spin environment. As mentioned previously, the hyperfine interaction couples
the electronic and the nuclear spins and an out of equilibrium distribution of
the electronic spin should be transferred to the nuclear spin. In strained QDs,
electron-nuclei flip-flops are blocked but they could be restored by the Stark
shifting of some of the Mn spin states. Can we use this technique to optically
induce a pumping and probe the nuclear spin of the Mn?

Figure 3.8(a) presents the calculated dependence of the population of the nu-
clear spin of the Mn versus the Rabi energy of a laser on resonance with (J,=-
1,S.=+5/2,1,). We still use the simplified structure of energy levels displayed in
Fig. 3.5. The modeling shows that the nuclear spin population can become highly
out of equilibrium when the Rabi energy is large enough to push the dressed
states on resonance with the uncoupled states S,==+3/2 and S,==+1/2. In this
regime, the electronic spin population is trapped in S,=+5/2. As expected from
the electron-nuclei flip-flops involved in the spin population trapping mechanism,
the nuclear spin is pumped and the most populated nuclear spin state is I,=-5/2.

Another way to change the energy of the dressed states is to slightly detune the
laser from the excited transition. Fig. 3.8(b) presents the evolution of the nuclear
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Figure 3.8 Population of the nuclear spin states I, of the Mn as a function
of Rabi energy for an excitation on (J,=-1,S,=+5/2,1,)(a) and as a function
of laser detuning from (J,=-1,S.,=+3/2,1,) (b). The parameters used in the
calculation are A = 0.7ueV, Dy = TueV, a=0.32ueV, E = 0.35ueV

Tan = 25008, 7, = 0.25ns et Tpymp = 60ns. (a) 6 =0, (b) Q, = 25ueV.

spin population versus the detuning of the laser around the exciton level (J,=-
1,S5.,=+3/2,1,) for a fixed value of the Rabi energy. A highly out of equilibrium
population of the nuclei is obtained for a detuning around d=-15 peV. Once again
the most populated nuclear spin state is I,=-5/2. For this particular detuning,
the dressed states of S,=+3/2 is on resonance with S,=+1/2. The population
transfer from S,=+1/2 to S,=+3/2 mediated by the hyperfine coupling pump
down the nuclear spin. The hyperfine coupling also transfer the population from
S.=-1/2 to S,=+1/2 through an electron nuclei flip-flop producing an additional
channel of pumping for the nuclear spin. It appears that this configuration of
excitation, around S,=+3/2, is the most favorable for an optical preparation of
the Mn nuclear spin.

A signature of this efficient pumping of the nuclear spin can be observed in
the dynamics of the population of the electronic spin (Fig. 3.7(a)). We will use
time resolved experiments in the regime of population trapping to analyze the
dynamics of pumping and relaxation of the nuclear spin of the Mn atom. Using
the two-photon detection technique, it should be possible to probe both the ini-
tialization and relaxation of the nuclear spin. In the absence of resonant optical
excitation, the presence of the magnetic anisotropy Dy will decouple the dynam-
ics of the electronic and nuclear spins and should allow for a long spin memory
of the isolated Mn nuclear spin in its diluted nuclear spin environment.

In the population trapping regime, a heating of the nuclear spin by a direct
radio-frequency excitation will modify the spin transfer rate between the different
electronic spin states. The population of the electronic spin should be modified
and consequently change the intensity distribution on the X,-Mn lines in the
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two-photon Mn spin detection scheme. This gives an optical way to detect the
magnetic resonance of an individual nuclear spin. A radio-frequency excitation
can be tuned on resonance with the nuclear spin level associated with a given
electronic spin projection, (S,=45/2,I,) for instance. This resonant frequency
is controlled by the hyperfine coupling and should not be significantly affected
by much weaker quadripolar splitting of the nuclear spin induced by the strain
anisotropy [20]. A change in the population of the Mn electronic spin should then
be observed when an equilibrium distribution for the nuclear population will be
restored by the radio-frequency excitation.

An experimental set-up combining the resonant optical excitation for the pop-
ulation trapping and Helmoltz coils for the resonant radio-frequency excitation of
the nuclear spin will be developed. This set up will also be used to detect the nu-
clear magnetic resonance of Cd and Te nuclei. These spin I=1/2 are not affected
by quadripolar effects in the strained QD and should present sharp magnetic res-
onance signal. The heating of the nuclear spin by the radio-frequency excitation
will be detected in the polarization rate of a negatively charged QD in the optical
pumping regime (see chapter 2). As recently demonstrated in InAs/GaAs QDs,
this technique will allow probing the QD composition within the extension of the
electron wave function [24].

3.1.5 Coherent dynamics of a Mn atom in an unstrained QDs.

We have shown that the strain induced magnetic anisotropy in CdTe/ZnTe Mn-
doped QDs blocks the precession of the Mn spin in the hyperfine field of its
nuclei. The creation of optically dressed states can restore these electron-nuclei
flip-flops and strongly affect the spin dynamics of the magnetic atom. The mag-
netic anisotropy should be completely suppressed in fully unstrained QDs. In
such system, the free coherent evolution of the electronic and nuclear spin pre-
vents any spin memory at zero magnetic field. Unstrained QDs would be however
an interesting model system allowing to observe the coherent precession of an
individual Mn spin and to externally tune the decoupling between the dynamics
of the electronic and nuclear spins with an external magnetic field. For instance,
in a large magnetic field along the growth axis, the difference between electronic
and nuclear Zeeman energies would suppress flip-flop interaction between the two
species and restore a spin memory. On the other hand, even a weak transverse
magnetic field will induce a coherent precession of the Mn spin. This precession
should be directly observed in the auto-correlation of the emission intensity of an
individual line of the sextuplet [13].

Under strong resonant excitation of one X-Mn transition in an unstrained QD,
one given spin state of the Mn will be optically dressed. For a Rabi energy larger
than the hyperfine interaction, this spin state will be decoupled from the nu-
clear spin and its coherent precession will stop: a spin memory will be restored.
One possibility to probe this optically tunable dynamics is to compare the auto-
correlation of the PL of the dressed states a with the spin fluctuation of the
undressed states. Undressed states will have a fast dynamics in the ns governed
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Figure 3.9 (a) Macro-photoluminescence of a thin CdTe/CdMgTe
quantum well grown on a CdTe substrate. Individual QDs appears on the
low energy side. (b) Photoluminescence of an interface fluctuation QD
presenting a large valence band mixing. The three lines originate from the
same QD: a mirror structure is observed on the biexciton and they have the
same exited states (not presented). The inset shows that the emission of
these QDs is highly linearly polarized. (¢) A Mn doped interface fluctuation
QD. (d) Photoluminescence excitation spectra of the QD presented in (b).

by electron-nuclei flip-flops. On the other hand, the optically dressed states should
have a spin dynamics governed by their exciton-Mn component and a bunching
in the tens of ns range should be observed.

Unstrained Mn-doped QDs already under development are based on interface
fluctuations in thin CdTe quantum wells in CdMgTe barriers matched on a CdTe
substrate (Fig. 3.9). First optical studies of such QDs show that, despite the
absence of strain anisotropy, they present a large valence band mixing. Detailed
magneto-optic study will be first performed to understand the origin of this va-
lence band mixing in fully unstrained structures.

The first unstrained QDs containing an individual Mn atom have been observed
recently (see Fig. 3.9). The control of incorporation of Mn in these structures will
be optimized in close interaction with the MBE growth. Then, the magnetic
field dependence of the dynamics of the Mn will be studied using time resolved
optical pumping experiments already developed for CdTe/ZnTe strained induced
QDs. A completely different optical pumping behavior is expected. Because of the
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coupling with the nuclear spin no optical pumping should be observed at zero
field and an optical pumping should be restored with an applied magnetic field
of a few tens of milli-Teslas. As we have seen in strained dots, the dynamics of
this pumping is controlled by exciton-Mn spin flips. Because of a different valence
band mixing in unstrained structures, a different dynamics for the pumping could
also be expected.

The coherent precession of an individual Mn atom in a transverse field and the
dynamics of optically dressed states will then be analyzed using auto-correlation
measurements. To observe the dynamics of the Mn alone (empty QD), these auto-
correlation measurements have to be performed at low excitation intensity. These
experiments require to increase the photon collection efficiency from individual
Mn-doped QDs.

We will see in a following section that possible observation of the free precession
of the Mn in these unstrained structures could also permit to perform a coherent
control of an individual magnetic atom in a weak transverse magnetic field using
optical techniques.

3.1.6 Mn-doped QDs in a photonic structure.

The proposed time resolved experiments for the study of the dynamics of the
Mn nuclear spin and the autocorrelation measurements in unstrained QDs for
the study of the Mn coherent precession would be greatly improved by increasing
the photon collection efficiency from Mn-doped QDs. This will be of particular
interest to access the long time scale dynamics of the nuclear spin. An efficient way
to increase the light collection from an emitting dipole is to put it at the center
of a hight index hemispherical lens as most of the photons are emitted in the
high index medium [95] and can then be efficiently extracted from the lens shape
material [149]. A 99% collection efficiency was predicted for individual molecules
on a high index solid immersion lens combined with a dielectric structure [25].
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Figure 3.10 (a)Scanning electron microscope image of a solid immersion
lens realized on a NV~ center in diamond (from reference [128]). (b) Scheme
of a photonic wire structure coupled with a high index hemispherical lens.

To increase the number of collected photons and the light matter interaction,
the Mn doped QDs will be introduced in photonic structure based on a single
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mode waveguide [29] coupled with a high index (n;ens) micro-lens. The geometry
of this simple photonic structure is presented in figure 3.10(b): Half of the emitted
light is guided to the top of the wire. In a simplified picture, the top of the wire
can be seen as an emitting dipole. This dipole will preferentially radiate light
in the high index micro-lens. In term of waveguide optics, the index matching
between the guided Gaussian mode and the high index lens suppress the modal
reflection which would be around 20% for a radiation in a medium of index 1.
The second advantage of the high index lens is that it reduce by a factor n;ens
the angle of diffraction at the exit of the single mode fiber. The hemispherical
shape of the micro-lens will then permit to efficiently collect the emitted light in
a standard NA microscope objective without internal refraction loses.

The increase of the collection efficiency with this technique will first be tested
on non-magnetic QDs randomly coupled with a photonic wire. Because of the
low density of QDs containing one or two Mn atoms, a technique to position the
photonic wire on the good Mn-doped QD will have to be developed. An optical
positioning relative to a patterned mask on the sample surface will be tested. An
all optical scheme for locating the position of single dots with sub-10 nm accuracy
has been recently developed by Thon et al. [139]. Although the wavelength of a
scanning laser is much larger than the required positioning accuracy, the center
of the emission pattern of a QD can be located very precisely by accurately
fitting the emission peak and averaging over many scans of the surface. This
technique could be sufficient for a rough positioning of the dot in the photonic
wire. Positioning of QDs in etched wires will also be used for other projects in
the Lab to perform transport through QDs containing an individual Mn atom
[47].

Alternatively, if the positioning of a Mn-doped QD in a photonic wire happens
to be too difficult, etching an hemispherical lens with focus ion beam directly on
the surface of the sample will be preferred [65]. This would be an intermediate
solution that would already be better than the high index lens stick on the sample
surface we used until now. Etched micro-lenses have been successfully used for
the control of the spin of NV~ centers in diamond (Fig. 3.10(a)). Positioning
of a Mn-doped QD in the center of a etched micro-lens with typical radius of
10 microns, requires a micrometer resolution which can be easily done with an
optical technique.

3.2 Carrier controlled coupling between two Mn spins.

Semiconductors afford the unique opportunity of controlling the exchange inter-
action between distant magnetic dopants by varying the carrier density of the
host. This has been shown in quantum wells [17] but in QDs the effect is ex-
pected to be stronger and to take advantage of the discreteness of the charge
addition [48, 125].

We recently identified QDs containing two magnetic atoms. Despite the com-
plexity of the optical spectra, in QDs with a weak valence band mixing, each spin
state of the two Mn could be addressed optically. The injection of an individual
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carrier in a QD containing two Mn could be used to deterministically control their
coupling. As a first step towards the development of such device we will analyse
the spin dynamics of individual carriers (electron or hole) exchange coupled to
1 or 2 Mn spins. We will analyze how the exchange interaction with a Mn spin
stabilize the confined carrier spin and study the dynamics of the carrier induced
ferromagnetic coupling between two localized Mn spins.

3.2.1 Dynamics of coupled carrier and Mn spins

In a magnetic QD, the exchange interaction between a confined carrier and the
Mn spin lift the degeneracy of the spin of the carrier. In a p-doped Mn doped
QD, the exchange coupling of the Mn spin and anisotropic hole spin form a
ferromagnet with an easy axis along the QD growth axis and two degenerated
ground states that correspond to opposite spins orientations for the hole-Mn
system. The combined requirements of energy and spin conservation should make
this hybrid spin very stable so that it could be used to store information.

The electron-Mn system, on the other hand, form a paramagnet with J=3 in the
ground state. The dynamics of the electron-Mn complex should be controlled by
the magnetic anisotropy of the Mn induced by the local strain at the Mn location.
For a large magnetic anisotropy, the electron-Mn interaction should decouple the
electron spin from the nuclear spin bath and cancel this source of dephasing. The
dynamics of the coupled electron/Mn/nuclei spins will be studied in detail.

We will analyze the dynamics of these hybrid spin systems using both nega-
tively charged and positively charged Mn-doped QDs. To avoid fast tunnel cou-
pling with a reservoir that would erase any long spin memory, a chemical doping
will be preferred. The chemical doping of these II-VI QDs will have to be im-
proved in close interaction with the MBE growth. Singly charged n-doped QDs
obtained with an Al modulation doping have already been realized. This electrical
doping will have to be combined with the magnetic doping. For positively charged
dots, the nitrogen doping of the ZnMgTe barriers (barrier material usually used
to obtain a better hole confinement) will have to be developed.

Time resolved optical pumping experiments will then be carried out on modu-
lation doped magnetic QDs. In negatively charged QDs, we have already shown
that the injection of spin polarized carriers above the triplet state of the charged
exciton can be used to optically pump the resident electron spin. The magnetic
field dependence and the dynamics of the negative polarization rate in these QDs
compared with non-magnetic dots (first section of chapter 2) will permit to ana-
lyze the influence of the exchange interaction with the Mn on the electron/nuclei
spin coupling.

The dynamics of the coupled electron-Mn spins will ultimately control the ini-
tialization of hole-Mn complex under resonant optical pumping in p-doped QDs
containing a Mn atom. This is illustrated in Fig. 3.11. Under resonant optical
excitation of XT-Mn we expect a very efficient and fast initialization of the hole-
Mn complex controlled by electron-Mn spin-flips. On the other hand, the strong
anisotropy induced by the hole spin should induce a long spin memory for the cou-
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Figure 3.11 Scheme of the energy levels of X™-Mn. A resonant excitation
on one of the XT-Mn optical transition followed by an electron-Mn spin-flip
can be used to optically pump the hole-Mn system.

pled hole-Mn system. This dynamics will be studied with time resolved resonant
optical pumping experiments. Mechanisms of hole-Mn spin relaxation should be
dominated by the influence of the valence band mixing which couples two by two
the different hole-Mn states with a characteristic energy Iy, (ps/Am)-

The fluorescence of a resonantly driven positively charged exciton will be used
to probe the population of the hole-Mn spin state which is excited. As in the res-
onant optical pumping experiments performed on X-Mn, one can use the fluores-
cence signal emitted at slightly lower energy than the excitation after a carrier-Mn
spin-flip to probe the resonant absorption. The time evolution of this signal under
amplitude or polarization modulation of the excitation will reveal the dynamics
of the optical initialization of the hole-Mn complex. The influence of a static
magnetic field on the initialization process and on the carrier spin relaxation will
be analyzed. The depolarization (decrease of the optical pumping efficiency) in a
transverse magnetic field will give access to the stability (controlled by the spin
anisotropy) of the hole-Mn complex.

3.2.2 Carrier induced coupling between two Mn spins

In a neutral dot containing two Mn atoms, the spins are only coupled via a very
short range anti-ferromagnetic exchange, which would be only relevant for first
or second neighbors (pry, 1, =0.5meV for neighboring atoms) [52, 126]. However,
the injection of a single electron, whose wave function is spread along the entire
dot, couples the two Mn and the electron spin ferro-magnetically, resulting in a



3.8 Coherent control of individual carrier and Mn spins 141

ground state with S = 11/2. This contrasts with the addition of a single exciton
on the neutral dot, for which the Mn spins also couple ferromagnetically, but
the strong spin-orbit coupling of the hole breaks spin rotational invariance. The
addition of an exciton on the negatively charged dot, puts the two electrons in a
singlet state so that the two Mn interacts with a single hole.

Coupling between magnetic atoms induced by an injected carrier would be an
important step toward electronic coupling of spin memory units based on Mn
spins. The pulsed resonant injection and destruction of excitons in a QD contain-
ing two Mn atoms could be used to switch on and off their mutual interaction. In
a longer time-scale, the fast (gigahertz) electrical injection of an individual carrier
from a doped layer could be used [114]. The two Mn atoms could be individu-
ally addressed using resonant microwave absorption and their interaction tuned
by the injection of individual carriers. In addition, the relative coupling of the
two Mn spins with the confined carriers could be tuned by an in-plane uniform
electric field which will shift the position of the carrier wave-function providing
another tool to control the Mn-Mn coupling.

We will, as a first step, analyze the spin dynamics of two Mn spins exchanged
coupled with a confined carrier spin (electron or hole) in modulation doped struc-
tures. We will in particular analyze to which extend the higher number of weakly
spaced hole-Mn spin levels change the dynamics of the hole compared to the case
of non-magnetic or singly Mn-doped QDs.

In a second step, devices with QDs containing 1 or 2 Mn in a transverse electric
field will be developed. Etched micro-pillars containing 1Mn or 2Mn QDs will
be selected by optical spectroscopy. Then, metallic electrical contacts will be
realized on each side of the selected pillars by electron beam lithography. In the
1Mn-doped QDs case, the transverse electric field will shift the position of the
carriers wave-function and change their exchange interaction with the Mn spin.
The electric field dependence of the X-Mn splitting will permit to estimate the
position of the Mn atom in a the QD plane. The DC Stark shift of the exciton
could also be used for the fine tuning of the resonance with a single laser in the
”optical trapping” experiments. In the 2 Mn case, the transverse field will change
the relative coupling of each Mn spin with the confined carriers and then their
mutual interaction.

Finally, field effect structures with a low capacitance [114] will be designed and
realized to test the effect of fast electrical injection and removal of a single charge
on the two Mn spins coupling.

3.3 Coherent control of individual carrier and Mn spins

A quantum computing scheme based on spins in a solid state environment requires
to be able to do an initialization of the spin state, to perform a coherent control of
an individual spin or of a pair of intricate spins in a time scale shorter than their
decoherence time T, and finally to read the state of the spin before its relaxation.
The most direct way to perform a coherent control is to use a resonant micro-
wave excitation between two spins sublevels. However, an all optical control of
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the state of a single spin would allow faster operations thanks to the technique
of optical ultrafast coherent control.

We intend to develop the tools for coherent control of individual spins in II-VI
semiconductor QDs. We will first discuss a method for the optical detection of the
magnetic resonance of an individual Mn atom. We will then analyze the possibility
to probe the coherent dynamics of individual electrons in CdTe/ZnTe QDs using
time resolved optical Stark effect in a large transverse magnetic field. We will
finally discuss a proposal for an optical fast coherent control of an individual Mn
spin. It is based on the optical pumping of a Mn spin in an unstrained QD in a
transverse magnetic field followed by a free precession and pulsed optical Stark
effect.

3.3.1 Direct micro-wave control of a Mn spin.

After having established optical methods to prepare and readout the spin of a
single Mn atom, we intend to manipulate the Mn spin using direct microwave
excitation. As a first step towards the full coherent control of a Mn spin un-
der microwave excitation we will develop a set-up to optically detect the spin
resonance of a Mn atom under excitation with microwaves photons. This will
permit to directly access the Mn spin structure induced by the crystal field and
the hyperfine coupling with the Mn nuclear spin. The spectral linewidth of the
spin resonance signal will also give the coherence time of this isolated spin. In
this experiment, the effect of resonant microwaves photons will be detected in
the signal of optical pumping already observed under CW or modulated quasi-
resonant excitation. This experiment will greatly benefit from the increase of the
PL collection efficiency by the used of etched micro-lens. This geometry can be
combined with RF lines deposited on the sample surface and has been recently
used successfully for NV center in diamonds (see Fig. 3.10). When this tech-
nique of electron spin resonance will be controlled, a pulsed microwave excitation
could be used to perform a direct coherent control of the localized spin. The
high microwave power needed for this coherent control could be achieved using
micro-strip resonator deposited atop the semiconductor structure.

3.3.2 Control of electron spin using optical pulses.

As it has been demonstrated recently for individual electron or hole spins in
InAs/GaAs QDs [123, 33], a coherent control of an individual spin can be per-
formed with the optical Stark shift induced by resonant picosecond optical pulses
excitation. A coherent control protocol similar to the one developed by Press
et al. [123] including the initialization by optical pumping in a large transverse
magnetic field (probed in the resonance fluorescence) and the fast optical control
by picosecond pulses will be applied to a strongly confined electron spin in a
II-VT self-assembled QDs. This will allow probing the coherent dynamics of the
electron spin coupled to a diluted nuclear spin bath with I=1/2 [134].

The weak Overhauser field in II-VI QDs, 10 to 50 times smaller than in InAs
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QDs, and the absence of hysteretic behavior should allow more complex optical
coherent control operations no longer affected by the complex nuclear spin bath
dynamics. Such reduction of the nuclear spin effects has already been observed
for hole spins in III-V QDs [83] with coherence times limited by non-nuclear
mechanism but similar to the electron. QDs based on II-VI compounds present
a very large confinement for electrons, have very good optical properties and
ultimately, these nano-structures could offer the possibility of isotopic purification
to enhance the coherence time of the localized electron. Thought less popular 11-
VI semiconductors are then an interesting alternative to III-V materials and the
coherent spin dynamics in II-VI nano-structure deserve to be investigated.

3.3.3 Time resolved optical Stark effect on a Mn spin.
Optically induced phase shifts and magnetic anisotropy

The simplified model of coherent Mn spin dynamics presented at the beginning
of this chapter can be used to model pulsed optical coherent control experiments
on a Mn spin. As we will see, optical coherent control operation on a Mn spin
could in principle be performed in unstrained or weakly strained QDs.

A resonant picosecond pulsed excitation of a Mn-doped QD can move the
system outside of the Mn spin subspace during its precession in a transverse
magnetic field. This excitation introduces a phase shift between each Mn spin
component. Such phase shifts can be seen as a rotation of the Mn spin. For
instance, in a simple three level system, a 27 pulse induces a 7 rotation about
the z axis (direction of optical propagation).

For a real Mn atom in a semiconductor matrix, the hyperfine coupling with
the nuclear spin and the crystal field has to be taken into account to understand
its coherent dynamics under pulsed excitation. The precession of a Mn spin in
a transverse magnetic field B, = 0.257 for different values of strained induced
magnetic anisotropy is presented in Fig. 3.12(a). After about 1ns, the precession
of the electronic Mn spin is blurred by the hyperfine coupling and influence of
crystal field. Consequently, in a transverse field, a coherent control of the Mn can
only be performed in the first 1ns and in a weakly strained QD resulting in a
D, typically lower than 1 peV. Such coherent control is presented in Fig. 3.12(b)
for Dy=1peV and sequences of one or two resonant pulses. This illustrate that
optically induced phase shift can in principal be introduced in the precession of
the Mn spin during the first ns after its initialization.

Full optical coherent control of a Mn spin.

We will develop an experiment for a complete optical control of a single Mn spin
using the combination of narrow-band single mode laser for the spin initialization
and picosecond pulses for the spin rotation. Similar optical techniques have been
successfully used for the detection and the control of the state of ions in magnetic
traps [109], for the control of ensemble of spins localized on donors in GaAs, in
InAs QDs and for the control of a single electron or hole spin in an individual
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Figure 3.12 (a) Time evolution of g5/, obtained with A=0.7 peV, a=0.32
peV and variable Dy under a transverse magnetic field B, = 0.25T with
Thin = 20ns and 95/2(0) = 1. (b) Time evolution of g5/ in a weakly
strained Mn-doped QD (D = 1ueV) under a transverse magnetic field

B, = 0.25T', with T, = 20ns and g5/5(0) = 1. Zero, one or two 27
Gaussian pulses with a width of 7 = 10ps are sent at t;= 260 ps and t3=720
ps. The calculations are performed with 7,,=250 ps and a pure dephasing for
the exciton 1/+4=100 ps.

InAs QD. The successful implementation of a single Mn spins full optical control
would be the first demonstration of a new way of using light to control atoms in
a solid state environment.

The scheme proposed for a full fast optical control of an individual Mn spin
is summarize in figure 3.13. An unstrained (or weakly strained) QD containing
a Mn atom is placed in a weak static transverse magnetic field (typically 0.25
T in the QD plane). In this weak magnetic field regime, the exciton-Mn system
remains quantized along the QD growth axis (the exciton-Mn, though spin po-
larized perpendicular to the magnetic field does not precess for fields up to a few
Tesla). In the ground state (empty QD) the Mn spin is quantized along the mag-
netic field direction and its population is initially thermalized with the lattice.
Its Zeeman splitting is in the order of tens of peV’s and all the levels are almost
equally populated.

A preparation of a non-equilibrium distribution of the Mn (initialization) can
be performed by optical pumping. In a transverse field B, each exciton-Mn level
(quantized along z) is optically coupled to any of the Mn S, states: six optical
transitions are observed for each exciton-Mn levels. A narrow-band single mode
laser can drive one of the lines of the sextuplet associated with a given exciton-
Mn level. Let’s consider for instance an excitation on the high energy line with
o+ photon (state (+1,+5/2)). The creation of the exciton-Mn complex followed
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Figure 3.13 (a) Scheme of the optical pumping process for a Mn spin in a
weak transverse magnetic field: A narrow-band single mode laser selectively
excites the state S;=+1/2 and creates a exciton-Mn state which
spontaneously decays into the different S,. This process empties the state
Sz=+1/2. (b) Scheme of the projection of the spin state S,=+1/2 on the
basis S,. The coefficients in the decomposition are obtained from the
rotation matrix of a spin 5/2. (¢) Scheme of the levels involved in the spin
rotation protocol described in the text.

by the spontaneous decay into the different S, quickly empties the state under
excitation (S,=+1/2 in the example presented in figure 3.13(a)).

This initialization process could be probed in the intensity of the resonance flu-
orescence. For these measurements, a time resolved resonance fluorescence set-up
on individual dots under magnetic field will have to be developed. The quantum
dot transition will be resonantly driven by a narrow-band frequency stabilized
laser and the backscattered photons detected. The interaction of the incident
laser beam with the QD and the collection of scattered photons will be enhanced
by the use of photonic wires combined with high index solid immersion lenses.
A modulation of the exciton energy by a transverse electric field could also be
exploited for a lock in detection of the resonant fluorescence signal.

After spin rotation, the population of S,=+1/2 could be measured using the
same technique: if the spin is rotated, the QD will absorb photons and emit a
fluorescence signal. A rotation of the Mn spin can be performed with picosecond
pulses which will move the system population outside the Mn spin subspace
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during the rotation in the transverse B field. This will introduce a phase shift
between each Mn spin component S,. Such phase shifts can be seen as a rotation
of the Mn spin. Any direction of the Mn could be targeted with a carefully
designed pulse sequence (amplitude and delay).

To illustrate the proposed mechanism, let’s consider a simplified picture of the
optical transitions in a Mn-doped QD. We will concentrate on the two ground
states S,=+1/2 and S,=-1/2. They are both coupled by o+ photons to any of
the exciton-Mn (+1, S,) states. S,=+1/2 or S,=-1/2 states can be expressed in
the S, basis. They are mainly formed of the components S,=+5/2 and S,=-5/2
(figure 3.13(b)). In other words, a o+ photon will mainly coupled S,=+1/2 and
S.=-1/2 to the exciton-Mn states (+1, +5/2) and (+1, -5/2). Let’s consider the
low energy state (+1, -5/2). Together with S,=+1/2 and S,=-1/2, they form a A
system with both transitions having the same polarization and being very close
in frequency (figure 3.13(c)).

An alternative depiction of this system is presented in figure 3.13(c) (right
scheme): the lower levels are expressed as eigenstates of S, which are not energy
eigenstates since they are perpendicular to the magnetic field. Following the de-
composition presented in figure 3.13(b), the main components are S,=+5/2 and
S.=-5/2, coupled by the transverse magnetic field. When o+ polarized light is
sent in the bandgap, slightly detuned from the low energy exciton-Mn level, or
on resonance with the low energy line, only the spin state S,=-5/2 couples with
the exciton-Mn state (41, -5/2). The other one (41, -5/2) is indirectly coupled
through the magnetic field. A fast resonant pulse of area 27 will move the popu-
lation outside the Mn spin subspace (S.=+5/2 or -5/2) during the rotation in the
transverse B field and will induce a phase shift between S,=+5/2 and S,=-5/2.
This amounts to a rotation of the spin about the z axis if we neglect the phase
shift induced by non-resonant coupling between S,=+5/2 and (+1, +5/2) (i.e.
consider a pure three level system).

In the full multilevel system, different phase shift will be introduced in all the S,
components through the non-resonant coupling with all the six exciton-Mn levels.
A complete modeling including all the optically active transitions will have to be
developed. These experiments will be first performed on individual Mn spins in
unstrained interface QDs.

Conclusion

Single dot spectroscopy is a very powerful technique for the study of the spin
dynamics at the single spin level. The optical properties of II-VI QDs containing
individual carriers and 1 or 2 Mn atoms will now be used for the study of the
coherent dynamics and the coherent control of few interacting spins in a solid
state environment. The strong coupling with a resonant laser field by creating
an optically dressed magnetic atom provides new ways to initialize the Mn spin.
It should also permit to optically access the nuclear spin of an individual Mn
atom and study its dynamics in its diluted nuclear spin bath. Extension of this
work to QDs containing two magnetic atoms would permit to optically control
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the electronic coupling between localized spins. The optical properties of these
QDs in the strong coupling regime suggest a possible all optical coherent control
of an individual Mn spin exploiting the time resolved optical Stark effect.



General conclusion

Using single dot spectroscopy, we studied the spin dynamics of individual car-
rier and individual Mn atom in II-VI material. The emission of magnetic QDs
reveals the interactions between the confined carriers and the Mn spin. The differ-
ent parameters controlling these interactions were determined by magneto-optical
experiments. By analyzing the emission spectrum of some of these magnetic QDs,
we can detect directly the spin state of the magnetic atom. The detection condi-
tions are strongly influenced by the dot shape anisotropy or an inhomogeneous
distribution of strains in the local environment of the dot. The effects of these
phenomena were studied in details. We also studied the magneto-optical proper-
ties of the different charged states of magnetic QDs. This shows the possibility to
control electrically or optically the magnetic anisotropy of nanoscopic magnetic
systems.

Single spin temporal fluctuations were pointed out by analyzing the statistics of
photons emitted by single magnetic QDs. We have shown that Mn spin orientation
could be achieved using light of a controlled helicity and energy. This was the
first demonstration of the optical pumping of a magnetic atom in a solid state
environment. The spin distribution obtained by such means is perfectly conserved
over a few ps. This is a direct evidence of the long spin memory of an individual
Mn atom. The dynamic of the Mn spin orientation at zero magnetic field is
controlled by a magnetic anisotropy produced by the presence of strains at the
Mn location. We have also demonstrated the possibility to create optically dressed
states on a Mn-doped QD. This signature of a strong light-matter coupling, and
of an optical Stark shift of the Mn spin is promising for coherent manipulation
of the Mn atom. We already shown that the strong coupling with a resonant
laser field, by creating an optically dressed magnetic atom, provides new ways to
initialize the Mn spin.

It appears that single dot spectroscopy is a very powerful technique for the
study of the spin dynamics at the single spin level. The optical properties of
II-VI charged and magnetic QDs will now be used for the study of the coherent
dynamics and the coherent control of few interacting spins: one or two magnetic
atoms in interaction with their nuclear spins, electron or hole spins in a QD
interacting or not with a magnetic atom spin and in contact with a diluted nuclear
spin bath. All the optical control technique discussed in this manuscript could
be easily extended to QDs containing other transition metals (Cr, with 90% of
isotopes without nuclear spin could be an interesting alternative system).
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