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ABSTRACT

SPIN INTERACTION IN SEMICONDUCTORS
MEDIATED BY ITINERANT EXCITATIONS

By

Guillermo Federico Quinteiro Rosen

Circumscribed to the field of condensed matter, this thesis aims to enhance our
understanding of optically-induced indirect spin interactions in semiconductor struc-
tures, as well as to contribute to the development of solid state proposals for the

emerging science of Quantum Information.

The theoretical formalism that is used throughout this thesis is discussed. This
mathematical framework describes excitations of the semiconductor, light fields and
localized spin states. It is shown how the Hamiltonian is derived from a microscopic
model. This resulting Hamiltonian includes the: 7) Interaction between laser light and
excitations of the semiconductor; i7) Kinetic energies of excitations; 7i7) interaction
of photons and excitons that yield exciton polaritons; iv) Spin interaction between
localized centers and optical excitations in the semiconductor (excitons and/or exciton

polaritons).

The formalism is first employed to analyze the spin indirect interaction mediated
by excitons in semiconductors and extend the results of previous works in this subject.
In contrast to previous works, a full analytical solution valid to all orders in the
strength of the interaction between excitations and localized spins is found. New
features arise from the non-perturbative solution. One important finding is that both

ferromagnetic and anti-ferromagnetic indirect coupling can be achieved.

The indirect interaction for semiconductors embedded in a planar micro-cavity

is then considered. This theory follows naturally as an extension of the one for bare



semiconductors. The focus is now on different features that are predicted using per-
turbation theory in the coupling between polaritons and localized spins. It is shown
that the indirect interaction presents two distinct regimes, depending on the sepa-
ration between the localized spins. In each regime, the dominant interaction is of a
different type: Ising or Heisenberg. Moreover, the range of the interaction for a semi-
conductor in a micro-cavity is found to be of longer range when compared to that of
a bare semiconductor.

The knowledge gained through the aforementioned investigations opens new pos-
sibilities for applications to quantum information. First, a detailed analysis of optical
quantum control in a system consisting of quantum dots grown on top of a quantum
well is presented. It is shown how this system is a possible candidate for quantum
computers. Then a discussion follows, describing how the findings on bare semicon-
ductor and micro-cavity indirect interactions are a rich ground for implementations
of quantum computing and other quantum information technologies.

This dissertation ends with comments on the future developments of the research

presented here.
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Introduction

Solid State Physics has experienced tremendous changes in the last century, and is
currently one of the most active research fields. It gives us basic insight into our
physical world, and enables us to control and modify the environment to improve
our lives. Among its various areas of research, semiconductor physics and magnetism
have had a central role. The research in semiconductors has made possible impressive
technological developments, e.g. digital computers. Moreover, the past few decades
have witnessed important technological advances that made possible the fabrication of
semiconductor systems with novel properties. Research on materials that have both
semiconductor and magnetic properties has also attracted much attention. These
concurrent new investigations promise further technological developments in classical

information technology as well as the new emerging field of quantum information.

Semiconductor engineered structures exhibit very interesting new features. [1] Per-
haps, the best examples of novel systems are quantum dots(QD) [2,3] and planar
micro-cavities [4]. The former are usually regarded as artificial atoms. Although a
QD can be a hundred times larger than its natural counterpart, they share some
important characteristics. For instance, particles trapped in a QD are confined in all
directions — like in a real atom; for this reason it is considered a zero dimensional
structure. A planar micro-cavity consists of a very thin semiconductor structure —
a quantum well (QW)! — enclosed by mirrors on both sides. When light is trapped

between the mirrors, it couples to electronic excitations of the QW, giving rise to a

IWidth of the order of tens of an atom size.



new quasi-particle named a polariton [5].

Magnetism has been the focus of extensive experimental and theoretical study. It
is well accepted that this phenomenon is due to collective mechanisms where elec-
tron correlations play a crucial role. Other possible sources of magnetism, with no
electronic correlation, do not account for experiments, and simple estimations show
that they vanish at high temperatures; for example, the magnetic dipole-dipole inter-
action energy is about 10~* eV, which is approximately 1 Kelvin. Strong electronic
correlations, that can persist at room temperatures, are the result of the Pauli exclu-
sion principle and the Coulomb interaction, and are generally referred to as exchange
interactions. This encompasses itinerant-exchange, direct-exchange, super-exchange,

ete.

Semiconductors that exhibit magnetic properties can be obtained by doping or
the implantation of impurities. [18,49] These embedded particles are then responsible
for the magnetic features of the whole system. As explained above, various exchange
mechanisms may account for the magnetic interaction. Depending on the system
and conditions, the coupling among foreign particles may be assisted by excitations
on the host material which, for example, may be produced coherently by optical
excitation. [6-8] Thus we talk of indirect-interaction processes [9,10] that link localized
states. The light-induced spin-spin interaction is a convenient way for a fast quantum

control of spins. [6-8,11]

The concept of quantum computing (QC) was originally proposed by Richard
Feynman and others [12,13]. They suggested that a new type of computer based
entirely on the principles of quantum mechanics may outperform any conceivable
classical computer. [14] A substantial effort is deployed now in the exploration of
physical systems that may implement a QC. Within solid state physics, magnetic
semiconductor nano-structures are very promising systems. The logical units (qubits)
are realized by impurity spin states or electrons in quantum dots, and the logical

operation performed using a variety of methods: electrical, optical, etc. [15-17]



In conclusion, engineered magnetic semiconductor systems exhibit new features
that are worth studying from a fundamental perspective, and can have applications to
QC or other branches derived from Feynman’s original idea: quantum cryptography,

quantum teleportation, etc.

The research in systems using the aforementioned principles has led to important
results. A mechanism of indirect interaction between distant spins mediated by virtual
excitons in semiconductors has been studied [6]. In addition, QC schemes using the
indirect interaction were proposed, e.g. QD’s inside a zero-dimensional cavity [15] and

donors embedded in a 2D electron gas [78].

The work presented in this thesis is a theoretical contribution to the physics of
the exchange interaction between spins assisted by excitations in semiconductor struc-
tures — a problem of a complex nature encompassing all fields mentioned above. The
main results can be summarized as follow: 7) In the case of bulk semiconductors, we
find a non-perturbative solution to the spin-spin interaction. This allows us to predict
that the corresponding coupling constant is either ferromagnetic or anti-ferromagnetic
depending on the frequency of the optical excitation. ii) We study for the first time
the spin-spin interaction in a planar micro-cavity mediated by polaritons. New fea-
tures arise: The range of the coupling constant is dramatically increased and the
interaction becomes anisotropic. iii) We analyze the optical quantum control and
role of spontaneous emission on a model for QC. We demonstrate that this system,
made out of excitons in QD’s and impurity-qubits, is fault-tolerant and thus is a good
candidate for QC.

Chapter 1 starts with an overview of the semiconductor physics necessary to build
our theory. Next, I introduce the mathematical formalism that will be employed, with
modifications and additions, throughout the whole dissertation.

Chapter 2 provides a theory of laser-induced interaction between spins localized
by impurity centers in a semiconductor host. We solve non-perturbatively the problem

of two localized spins interacting with one itinerant exciton, and we find an analytical



expression for the induced spin-spin interaction as a function of the spin separation,
laser energy, and intensity. This non-perturbative approach is one of our main contri-
butions to the existing theories on optically mediated spin coupling. The application
of this theory to shallow neutral donors (Si) and deep rare-earth magnetic impurities
(YD) in III-V semiconductors yields the following main result not predicted in the
previous perturbative treatments. When the photon energy approaches a resonance
related to excitons bound to the impurities, the coupling between the localized spins

increases, and may change from ferromagnetic to anti-ferromagnetic.

In chapter 3 we study the optically-induced spin interaction between two shallow
donors mediated by polaritons in a planar micro-cavity. The spin coupling mediated
by polaritons in a planar micro-cavity has been addressed for the first time in this
thesis. Our findings are: i) The vacuum Rabi splitting makes the spin interaction
anisotropic. i7) The spin interaction presents two distinct regimes, as a function of
the inter-spin separation. iii) The existence of the cavity — or polaritons — extends
the range of the spin interaction by several orders of magnitude compared to the case

of a bare semiconductor.

I study the possible applications of the preceding theory in chapter 4. First, I
show how the use of semiconductor excitation - localized state interaction can help
tackling intractable and/or very difficult problems in QC. In particular, we analyze
in detail the optical quantum control of impurity spins in the proximity of a quantum
dot. A laser pulse creates an exciton in the dot and controls the spins by an indirect
coupling. We show how to determine the control parameters to achieve maximal spin
entanglement, the most important ingredient in quantum information. We consider
errors in the quantum control due to the exciton radiative recombination. The control
errors in the adiabatic and nonadiabatic case are compared to the threshold needed for
scalable quantum computing. We find that the scheme we propose is fault-tolerant.
Finally, T analyze the possible applications of the theories presented in chapter 2

and chapter 3 to quantum computing in semiconductors. The errors in the spin-



qubit operations due to the finite lifetime of the mediating particle represents one of
the most important limitations in all the optically-induced indirect spin interaction
schemes. The novel result we found for the quantum control — i.e. that by properly
choosing the parameters the errors are below the correction threshold — suggests that
this limitation can also be overcome in the systems of Chapter 2 and chapter 3.
This thesis ends with comments on future directions of research that may expand

the investigation exposed here.






Chapter 1

The core mathematical model

Throughout this thesis, three physical systems will be analyzed. Though each one
sheds light onto different questions and possible applications, they all share important
features. These similarities stem from a common building block or core Hamiltonian,
out of which the specific dynamics for each system is constructed. The following
sections give a brief introduction to semiconductor physics, and show how the core
Hamiltonian can be derived from first principles. We also discuss the approximations

and their limitations.

1.1 Basic concepts in Semiconductor physics

Electron dynamics is of main importance to understand the transport and optical
properties of metals and semiconductors. [5,18,20] Electrons in solids are subjected
to the Coulomb potential due to lattice ions and other electrons. The theoretical
study can be carried out in series of successive approximations. The first aproximation
assumes that all sources of potential energy form an average single particle potential®
that has the periodicity of the lattice. Therefore, Bloch’s theorem applies. Bloch’s

theorem states that a possible description of the spatial wave function of particles in

LA common procedure to obtain such potential is through self consistent calculations.



a periodic potential is the product

of a plane wave with wavevector k (crystal momentum? p = hk) times an envelope
function u(r) with the periodicity of the potential. Alternatively, this can be expressed

as

Yi(r + R) = e Ty (r),

where R is a lattice vector. A description of electrons in these so-called Bloch states
can be given in terms of the momentum k restricted to the 1st Brillouin zone (BZ)?
and a band index n.

Though rough, the use of average potentials proves useful, for the dynamics of
the many electron system simplifies to the solution of a single-particle Schrodinger
equation. Tight binding or nearly-free electron models can then be employed. The
latter describes the loosely bound electrons in the outer orbitals. The starting point
is the assumption of an unperturbed Bloch function with u(r) = 1 that leads to a
quadratic dispersion law. Degenerate states at the boundary of the BZ are solved by
applying perturbation theory, and gaps between bands result. More accurate states
and energy bands are determined with the use of self consistent theories with spin
degrees of freedom, such as the original Hartree. Further refinements, e.g. Hartree-
Fock [18,19], introduce Pauli exclusion principle, symmetrization and spin dependent
interactions as well. Metals, insulators and semiconductors, are studied within the
formalism described above. The latter are binary compounds forming, in general,
covalent bonds. They can be regarded as insulators with a smaller energy gap (E, <

5 eV) between the valence and conduction bands. A simplified band structure diagram

2This is not the linear momentum of the particle, for the problem does not have complete trans-
lational invariance.
3The Wigner-Seitz primitive cell in the reciprocal k space is known as Brillouin zone.
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Figure 1.1: Band structure of direct band gap III-V semiconductors showing valence
bands and the lowest conduction band close to the I' point, with energy gap E,. Spin-
orbit coupling breaks the degeneracy of the p-like valence band, leaving the energy of
the split-off J = 1/2 band lower than the heavy hole and light hole J = 3/2 bands.

of a direct band gap? semiconductor of the III-V® type is shown in Figure 1.1. The
valence and conduction bands arise from p and s atomic-like states, respectively.
Together with the spin degree of freedom, the total angular momentum is either
J = 1/2 for the conduction band or J = 3/2,1/2 for the valence band. This is
completely degenerate at the I point (k = 0). Spin-orbit coupling lifts partially this
degeneracy, leaving the energy of the split-off J = 1/2 band lower than the heavy
hole and light hole J = 3/2 bands®. Other interactions, such as quantum confinement,
lattice strain, etc. further break the degeneracy between heavy hole m; = £3/2 and
light hole m; = £1/2. The ground state of a semiconductor consists of electrons filling
completely the valence band; excited states are only occupied via the promotion of an
electron from the valence to the conduction band. As the band gap energy is typically
of the order of electron-Volts, optical excitations are possible: a photon with energy
larger than F, is absorbed and an electron changes state to one in the conduction

band, leaving a hole in the valence band.

4Valence maximum and conduction minimum occur at the same wavevector k.

®Chemical composition: the semiconductor is formed with an element of the IIT and V groups of
the periodic table.

Sthe splitting is of the order of magnitude of hundreds of meV .



1.1.1 Excitons

So far, the effect of electron-electron interaction on the optical excitation has not been
described. In insulators and semiconductors, a well known consequence of Coulomb
interactions is the occurrence of new states with energy lower than the band gap
E,". A photo-excited electron in the conduction band binds to the hole left behind in
the valence band in a state called ezciton. [22] This particle is important to describe
optical properties of bulk semiconductor and engineered structures, specially at low

temperature.

The study of excitons was pioneered by Frenkel [24] and Wannier [23] in the
1930s. Consequently, this quasi-particle is nowadays classified according to whether
the electron and hole are strongly (Frenkel exciton) or weakly (Wannier exciton)
bound. The former occurs for example in ionic crystals, like NaCl [25]. The latter
is found in semiconductors that exhibit large dielectric constant (weaker screened

Coulomb interaction), such as GaAs.

As already anticipated, the electron-electron interaction complicates the mathe-
matical treatment, since a single-particle picture is no longer applicable [26]. The zero-
order ground state of the crystal can be represented by an antisymmetrized product
(Slater determinant) of atomic-like® single-particle wave functions of electrons each

in its ground state ag and centered at R;

q)o = Aao(T1 - Rl)ao(TQ — RQ)GQ(T;; — Rg) e

Nevertheless, a similar representation:

q)l(Rh,ﬁ> = Aao(T1 — Rl) .. .&1(7’1' — Re) e

"The difference in energy between this new state and the bottom of the conduction band is of
the few milielectron-Volts.
8 Alternatively, Bloch wave functions can be used.

10



for the excited crystal state with one electron promoted from a single-particle state
ap at Ry, to an single-particle excited state a; at R, (6 = R. — Ry,) proves inadequate,
for the energy of the functions ®(Ry, 3)’s for different R, are degenerate. However,

a linear superposition of {®;(Ry,3)} written as

B1(I5) == S (R, )
Ry,

partially diagonalizes the full Hamiltonian. With the use of these ezcitation waves,
originally introduced by Frenkel, and an equivalent representation Wannier showed
that the full Hamiltonian can be resolved in two terms. One accounts for transitions
with either electron or hole kept in its original site; this is a one-particle energy. The
other term is related to the Coulomb attraction between the electron and hole. From

this and the use of a new representation:
‘IIV(K) = Z Ul/(ﬁ)(bl(Ka ﬁ)a
B

Wannier found that the equations for the coefficients U, (), written in the form
U,(B) = e'KBF,(3), lead to an hydrogen-like equation for F,(3) in a medium of
dielectric constant e, with o/ = m}/(m’ 4+ mj). Thus, the problem resembles that
of atomic systems with atomic energy spectrum and free center of mass motion.
Notice that, in Frenkel’s representation, the excitation is “free” to move with mo-
mentum K, but lacks relative motion; Wannier took into account the superposition
of states with different separation 3 between electron and hole. In the language of
creation/annihilation operators for electrons (af/a) and holes (37/3), the Wannier

exciton creation operator is represented by

b = L2 (k= K/2) of Bl | (1.1)
k
where 1) is the Fourier transform of the electron-hole relative motion hydrogen-like

11



wave function 7, and L is the linear size of the 3D system. Being a composite particle
made up of two fermions, we can expect it to follow Bose statistics. Calculation of

the commutator

(B0, blol = L2 [ (0)]*(1 — by — BL,8-)
k

shows that excitons are approximately bosons, and their deviation is proportional to
the density of electrons in the conduction and holes in the valence bands. [5]

In this thesis, we will consider an effective Hamiltonian for an electron and hole
in a medium with dielectric constant € that leads to Wannier excitons in the bosonic

limit. Furthermore, we restrict the relative motion to the lowest v = 1s state. [30]

1.1.2 Localized electrons in impurity centers and

quantum dots

Doping or implantation of impurities in semiconductors has been a common method
to alter both transport and optical properties of the host lattice. Nowadays, quantum
dots also allow us to modify those properties in engineered systems, such as quantum
wells.

The classification of impurities distinguishes two categories. These substitutional
atoms may be shallow or deep impurities, and donors, acceptors or iso-electronics. The
first division accounts for the effect introduced in the host lattice and the extension
to which the hydrogen-like model for impurities can be used. The second distinction
responds to the fact that impurities can donate to or accept from the lattice an
electron.

Quantum dots embedded in quantum wells can be charged in a controlled way. An
electron remains well localized within this structure and its dynamic follows closely

that of a trapped particle in a parabolic potential, thus presenting discrete levels.

9In the language of Wannier: F,(3).

12



In analogy to our treatment of excitons, we assume that neither the electron in the
impurity nor that in the quantum dot changes its orbital state, and remains always
in the ground state. This is a sensible approximation, for — in the case of donors —
the binding energy is around tens of meV', and thus much smaller than the energy of
excitation of the laser field!°. Tonization is also suppressed, for the dipole moment is
very small for a transition connecting a localized state in the donor to a high energy
state in the conduction band. Therefore, we focus on the spin degree of freedom of

the electron in the impurity or quantum dot.

1.2 The core Hamiltonian

All three systems that are the subject of the following chapters share important phys-
ical properties that can be described using a unified formalism. The prototype system
representing them, for which the core Hamiltonian is built, is a direct band gap semi-
conductor with valence and conduction bands arising from p and s atomic orbitals,
respectively. Moreover, the valence band is split due to spin-orbit coupling and other
particular effects (described in each chapter); thus, only heavy-hole valence and con-
duction bands are taken into account. As a result, excitons are linear combination of
states belonging to these two bands. The optical excitation of the system is always
achieved by monochromatic light with energy slightly below the excitonic absorp-
tion line. This ensures that only virtual transverse excitons appear. Moreover, their
density is controlled by the detuning and the intensity of the light field. Localized
electrons are included in the model; they come either from impurities or quantum
dots. They interact via Coulomb forces with the electron or hole belonging to the ex-
citon. Exchange is usually the dominant interaction and the most interesting effect.
In almost all cases the hole spin interacts weakly with the electron spin, and therefore

it remains in its state through the evolution of the system.

10The laser is tuned slightly off-resonance with the exciton line, that lies hundreds of meV to eV
above the bottom of the valence band.
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For Wannier excitons in the effective mass approximation, the resulting effective

core Hamiltonian in first quantization form reads

H = Hy+ Hp+ Hy
h2
Hy ==Y -—Vi+) V
0 - 2mivl+ l (1)

H;, = Z E(r.)d, e~ ikre=wt)
) 2

H =Y L (1.2)

b
= €|re — 1)

where subindexes {e, [, i} refer to the electron in the exciton, the electron localized in
the impurity /QD, and the exciton center-of-mass, respectively; d the dipole moment.
The first term is the kinetic energy of excitons plus the energy of localized electrons
in impurities/QDs. The second term is the coupling of the electron in the exciton to
the laser light. The last term is the Coulomb potential energy between the electron in
the exciton and the electron in the impurity/QD in a medium of dielectric constant .
Terms that give rise to energy shift, such as exciton-ion interaction, are not considered.

The binding of the exciton to the impurity/QD will be addressed in Chapter 2.

1.2.1 Kinetic energy

The exciton spatial wave functions is the product of relative and center of mass
motion wave functions. The former is of the 1s type, while the latter is a plane wave.
As such, when transforming to creation/annihilation operators in 2nd. quantization
form, the matrix element of the Laplacian gives a quadratic dispersion law. The energy
of different projections of spin are degenerate and symbolized by greek subindexes.

Therefore,

H—50+Z € +h2k2 bl b
0— A — 0 2m kaka’
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where the constant €y is the energy of the k = 0 exciton. {b',b} are the creation
and annihilation operators for excitons with momentum & and spin projection a. The

energy €9 of the localized states is degenerate.

1.2.2 Light - exciton interaction

The Hamiltonian for the interaction between light and matter is obtained with the

use of the canonical momentum [27,28], and reads

h= [p— eA(r,t)]” +eo | (1.3)

1
2m
where A and ¢ are the vector and scalar potentials, respectively; and the particle has

mass m and charge e. In the Coulomb gauge [A, p] = 0 holds, since V - A = 0. Thus,

expanding the square in Eq. 1.3 we obtain

2
e
h=L tep— Sp. At
2m m

et
o (1.4)

where A accounts for a plane electromagnetic wave, and ¢ may represent a confining
potential for the particle. In the case of an atom, all terms that contain the vector
potential result in a small perturbation to the rest of the interaction; in addition, a
numerical estimate for the rate of the linear to the quadratic term in A gives 10*. This
allows us to retain only the term e/m(p - A), which is a good approximation if the
photon density is low. An important additional simplification, possible in the atomic
case, is also good for excitations of semiconductors: Consider a monochromatic plane
wave, with A = Age’™™=“ 4 ¢ c. in the visible region of the spectrum, A ~ 600 nm,
in resonance with the 1s exciton state. Assuming a very large, though realistic, value
for the spatial extension of the exciton wave function ag ~ 10nm, there is no ap-
preciable variation of A in this scale. Therefore, in the evaluation of matrix elements

for the optical transition one can take ¢*) ~ 1, procedure known as dipole-moment
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approximation. In the following we restrict to the case of a semiconductor, where
the light couples to electrons and the aforementioned approximations are valid. The

Hamiltonian is

2
p € —iw * _iw
h= g ted— —p- (A + Aje™") (L5)

We first focus on the dynamics of one electron with momentum p in the presence
of the total average potential ¢. This unperturbed part, which we call hg, leads to
electrons, holes, bands, excitons!!, etc. as explained before, and is a function of p?
and its r operator. The operator p can be written as

.m
= —7—

p h [T, ho]

We would like to keep a classical description of the light while using a creation /
annihilation operator language for electrons and holes. The optical transition is cal-
culated by evaluating the matrix elements between initial and final states. Due to the
symmetry of the wave functions and the operator r, the only non-vanishing matrix
elements are those connecting states of different parity, such as the valence (p-like)

and conducting (s-like) bands,
(] [r, hol [v) = —=(Eq — A){c[r |v) = —hwx{c[r|v) , (1.6)

where the Coulomb binding energy A for the electron and the hole lowers the energy
of the exciton state with respect to a free electron-hole pair. Thus, the perturbation

becomes

Hp, = —iwx(Age ™"+ Ase™h){c|er [v)al Bl +

iwy (Age ™" + Afe™)(v|er |c)af3 . (1.7)

N To introduce excitons we need to include the electron-electron interaction. However, this new
energy term does not affect the analysis that follows, since still p = —im/h [r, h).
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The terms containing e*! and e~*" represent emission and absorption of a photon,
respectively. We apply the rotating wave approximation and consider only terms that
create a photon when annihilating an exciton, and vice versa. Taking into account all

possible direct transitions with wavevector k 2, we obtain

H, = _ZMXA e~ (c| er [v)al gt +Zzw Ase™ (v] er |c)ag B

= _ZEﬂdvce_Z‘dt TﬁT + h.c. ) (18)

where the dipole moment d,. is the matrix element of er, the vector potential is
related to the electric field by Ay = —iFEy/w, and we have matched wx = w giving
wx/w = 1 13; the quantities d,. and Ey are k dependent. The next step consists
of writing Hy in terms of exciton operators. This is accomplished using the inverse
of Eq. 1.1: L732%" wy(q)*bi’K = oz}(/ﬂqﬁ;(/g_q. The wavevector K represents the
momentum of the light that contributes to the center-of-mass motion of the electron-
hole system; this contribution can be safely neglected, for the photon momentum at
energies close to F, is much smaller than the typical exciton momentum. In addition,
the spin of the photon introduces optical selection rules. Circular polarizations o+ and
o— correspond to spin projections of light equal to s, = —1 and s, = 1 respectively'4
The sum of total angular momentum of the electron plus the hole must equal o; we

include both polarizations and the spin index to the exciton operators. Then,

H, = =LY hpg,(k)e ™, +hc. |

ov,k

where we have defined the Rabi Energy hyp = Eyd,.. The sum on v is eliminated, for

we restrict to 1s exciton states 1, — 5 (with ;5 real). An extra simplification is

12The frequency wx depends on k.

131n the off-resonance case, where wy # w, the deviation of wx /w from one is usually smaller than
1% and can be neglected.

14The z-axis is normal to the QW, and coincides with the propagation direction of the light.
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possible thanks to ), ¥1,(k),

) dk i, (k
) / dk / dr ¢14(r) e %"
) dr h15(r / dk e~ kT

) [ on) [2050)] = Pon0)

?flh

Ekjwls@:) - (
-

(
-

where 1)1, and ¢, are conjugate functions for the Fourier transform. Finally, we arrive

Eflh S’Ih SDIh

at the expression that will be used hereafter,

H, = L7 ho,¢1.(0)e b}, + hec. . (1.9)

1.2.3 Exciton - localized spin interaction

The interaction of excitons with localized electrons can be described using a basis set
of delocalized functions for excitons and atomic-like wave functions for the localized
states, with the inclusion of the spin degrees of freedom. It is not necessary to specify
the form of the basis used, which depends on the particular system (quantum well,
bulk, quantum dot, etc.). We only need to know that the wave function has a spatial
(¢ or ¢) and spin (x for electrons or n for holes) components. The complete wave
function for the system is composed by products of the itinerant ¢,nx and localized
px wave functions. This product must be anti-symmetrized with respect to the two
electrons, one belonging to the exciton (e) and the other to the localized state (1).
The total wave function is then written as

vy, = + U(Te, Th) () X (5e) X (51) F Yr(re, mn) (1) x (1) X (Se)

&

+ Y (r, rn)e(re)x(se)x(s1) — Yu(r, ra)e(re) x(si)x(se) |, (1.10)
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where the F and + signs comes from the anti-symmetrization either of the spatial or

the spin part.

This function can also be written in an equivalent form that stresses its permu-
tation symmetries and facilitates the derivation of the Heisenberg Hamiltonian. I

make use of the coupled representation and separate the spin triplet and singlet wave

functions,
S = %W}g(m,m)w(ﬁ) + i (11, rR)(1e)] X %[U(Se)d(sl) — u(s;)d(s.)]
Ty = %W}e(?“e,?“h)gé?(n) — i (ry, i) (re)] X %[u(se)d(so + u(s))d(se)]
Ty = %W)k(re,?“h)QD(Tl) - ¢k(Tl,Th)¢(Te)] X U(Se)u(sl)
T - %[@bk(re,rh)w(m) — () (r)] X d(s)d(s) | (1.11)

where u(x) and d(z) stands for spin up and down of particle x respectively; the
complete basis is resolved into singlet S and triplet T; states. The spin-orbital of the

decoupled representation Eq. 1.10 are linear combinations of Eq. 1.11.

The next step is to evaluate matrix elements of the Hamiltonian Eq. 1.2 between
complete wave functions, either of the form Eq. 1.10 or Eq. 1.11. First the coupled

representation is used to illustrate the procedure. Eq. 1.10 has the following structure,

_ %
S = \/§[A+B]
T = i[A—B] X

V2

where A = ¢y (re, ) p(r;) and B = g (r, rp)@(re) are the spatial part of the wave
function. The spin part is given in matrix form. Every term in the Hamiltonian

operates only on the spatial part of the state.
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The direct and exchange Coulomb integrals read,

yAd = yBB = / Af Hp Ay dredrydr,

VAB = /A]: HI Bk’ d’l“ed’l"hdrl .

The dependence of V' on (k, k") is implicit and omitted to simplify the notation. A

detailed evaluation of the integrals V' is found in Appendix A.
h2
Hi g = ?{(VAA + VBB, — 2Re [VP4] M} I, (1.12)

where [; is the identity matrix in the subspace of the ¢-particle and,

-1 0 0 0
0 100 3\ 2
M = :(ﬁ) -1 (1.13)
0 010
0 001

and § = 5, + §;.
Alternatively, in the decoupled spin basis (Eq. 1.10), the Hamiltonian can be
expressed in terms of s = 1/2 spin operators as

2

h 58 S A~ A
Hip e = b} {(VAA + VBB) Oses; — QRe[VBA] (?l +25.- 51) } Op - (1.14)

This representation makes clear the Heisenberg form of the Hamiltonian, and
shows that it is linked to the exchange integral VAZ. The first term is unimportant,
for it only leads to a shift or renormalization of the energy. Hereafter, we focus on

the spin dependent part.

The many body interaction hamiltonian for excitons and N localized spins follows
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from Eq. 1.14 using 2nd. quantization, and reads

N
HI = L_36hh’ Z Z Jk,k’ e_i (k_k/)'Rlé’e . §l [A)Lék/ , (115)

=1 kk

where the sum over the wave vector extends over the entire band of excitons with
creation () and annihilation (by) operators, and the index [ identifies a particular
localized spin. We have resolved the factor —2 Re[V54] into a phase exp(—i(k—k')R),
the normalization L2 and the remaining J. The operator 3, must be understood as
acting on the particular set of bins {k, k’}: it transforms the spin of an exciton that
undergoes scattering from states k&’ to k. We find that a more intuitive and suitable
representation of the many body problem is to write the spin part of the interaction
in matrix form. Thus, we replace ZADL and by by separate bosonic operators for each
projections of the electronic spin in the exciton (remember the spin of the hole is
fixed), and we replace the operator s, by a tensor $,./, which in matrix form reads

hopom e (1.16)

T+ -z

This takes into account the selection rules for transitions between different exciton
states, represented by different operators I;La / l;ka, with « being 1 =7 (up) or 2 =|

(down): for instance, s12 = s7;. The final form of the Hamiltonian is

N

I‘:’I == L735hh’ Z Z Jk,k’ eii (kik/).Rlsaa/ . §l l;lt:al;k'a/ . (117)

=1 k&
«@ O/
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1.2.4 The complete core Hamiltonian

The preceding sections have shown the different parts of the Hamiltonian, their deriva-

tion and approximations. The final form of the complete core Hamiltonian is

0 n* k? A
ka

N
L 36 Z Z Jpwe k-K)Rig . 35 I;ngk,a, +
=1 k&
L3 " hpe¢1.(0) e M bl s, + hoc. (1.18)

and describes Wannier excitons in the 1s state with electron spin «, hole spin § and
wavevector k generated by monochromatic light of frequency wy of circular polar-
ization o. In addition, there are N localized spins with degenerate energy €9 in the

lattice that interact through exchange with the photo-generated excitons.

1.3 The effective spin - spin interaction

For each particular system, the results and conclusions will be drawn using an ef-
fective Hamiltonian that describes the dynamics of two localized spins without the
explicit inclusion of excitons nor light. To achieve this, a transformation to a rotat-
ing frame'® with frequency wy, is performed so as to apply time-independent second
order perturbation theory in the light - exciton interaction (Sec. 1.2.2). The resulting
expression is then used to solve for the exciton - localized spin interaction (Sec. 1.2.3)

in the framework of single particle Green’s functions, with the final elimination of the

15The transition to a rotating frame is implemented with the unitary transformation U =
exp(—iytf{), which maps, respectively, the state and Hamiltonian to [¢) — U |¢) and H —
(UHU' — vR), in such a way that the Schrédinger equation holds and part of the time depen-
dency is eliminated from the Hamiltonian. The simplest case that resembles our problem clarifies
this procedure: Consider a system made of three levels {|a), |b), |¢)}, and H = Hy + Hy + Hj.
Hy = E. |c){c| + Ey |b)(b] is diagonal, Hy, = gexp(ivt) |a)(b| +h.c. and Hy = A S|c)(b| + h.c., where
S is an operator commuting with all others. It can be shown that, for U = exp[—ivi(|c){c| + [b){b] )],
UHLUT — g |a)(b] +h.c. and Hj is invariant; in addition, there appears a new term v( |c)(c| + [b)(b])
contributing a shift to the energy.
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exciton degree of freedom.

Perturbation theory may be developed using projection operator techniques [29].
The light - exciton interaction couples states belonging to subspaces of different num-
ber of excitons. We single out the zero-exciton subspace 3y using the projector op-
erator P and the remaining part of the Hilbert space with the operator ) =1 — P.

The resolvent G(z) = (z — H) ™! in the subspace of interest is

P

PGP =
2 — P(Hy+ H;)P — PRP’

which shows that the level-shift operator R can be regarded as a Hamiltonian in the
S subspace that corrects the unperturbed energy (Hy+ H;). The expansion of PRP

reads

PRP = PH,P + PH,Q QHLP+....
z

— (Ho + Hi)
The first term vanishes, since Hj, is non-diagonal in the subspace of fixed number

of photons. By defining |A) as any of four vectors {[17), [T1), |L1), |11)} of g, the

Hamiltonian is transformed to its effective form!6

1

(H0+H[>QHL ‘)\/> )

Hepponw = A HLQ—

with no explicit exciton dependence!”. Hy transforms a vector |A) in Sy to one of
same localized spin state and one exciton of wavevector k£ = 0 and angular momentum

o, named |\0o). This vector belongs to the complement of y; therefore, in the last

6With no light and restricting to the subspace of zero exciton, the unperturbed Hamiltonian is
trivial and uninteresting with all four states degenerate.

17This expression accounts for completely coherent processes of stimulated absorption and emis-
sion.
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expression, the operator () is redundant and can be omitted,

1
)\/
(Z—H())—H[| 00)

= L3h2 Z |§)0’|2|¢15|2G>\)\’00 )

Heppan = LR Z |90 |?|d15]*(NOo|

! can be regarded as the bare

where Hj was grouped with z to show that (z — Hy)~
Green’s function, and the whole operator as the full resolvent of the system. The value
of z can be approximated by the value of the unperturbed energy €3 of the state |\)

in %0. G is

1 /
G)\,\IOU(WL) = <>\00| [GO(wL)]*l _ H[ |/\ 00’>

5)\>\’ 6kk’

GO<WL): R
F th—(Eo—FgQ_an)‘f—Z?]

where €9 is finally chosen to be equal to zero, without lost of generality. Note that,
while G depends on spin, G° does not. We remark that we work in the off-resonance
regime for which w; < €y, thus making the real part of GY always negative.

This will be the starting point for Chapters 2 and 3, where it will be solved either

exactly or expanding in power series of Hj.
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Chapter 2

A non-perturbative solution
for the indirect interaction

mediated by excitons

It was pointed out by Piermarocchi et al. [6] that itinerant excitons, i.e. optical
excitations free to move in the host material that embeds the localized spins, can
induce an effective spin-spin interaction between localized spins. This mechanism
has been dubbed Optical RKKY (ORKKY), in analogy to the mechanism in the
theory of magnetism [32], where electrons are involved. In the coherent optical case
virtual excitons are created, and the ORKKY coupling is obtained from a second
order perturbation theory in the exchange coupling between the itinerant exciton
and the localized spin. The ORKKY result predicts that the coupling between the
localized spins is always ferromagnetic, independently of the sign of the coupling with
the excitons. In this chapter we show that higher order terms in the exciton-impurity
coupling can modify the strength and sign of the interaction, and affect its dependence
as a function of the spin separation. The calculation of the spin-spin interaction can be
reduced to a spin dependent scattering problem that can be solved including exactly

all the multiple scattering terms between the two localized spins. We follow here an

25



approach similar to that used to calculate multiple scattering effects of 7% mesons
by deuterons [31]. The higher order terms in the exciton-impurity coupling describe
bound states which affect strongly the optically induced spin-spin interaction. In
particular, a controlled anti-ferromagnetic (AF) coupling can be realized when the
laser energy is tuned in the bonding-antibonding gap for the exciton localized by two
impurities. This laser controlled switching of sign of the spin-spin interaction opens

new directions in the investigation of competing interactions in spin systems.

The exchange between nuclear spins through excited electronic states has been
discussed in the past in the case of molecules [33] and insulators [34]. In particular,
Bloembergen and Rowland predicted in Ref. [34] an exponential decay of the spin-
spin interaction with a characteristic length x = i/ \/WEQ . This length depends on
the energy gap F, of the insulator and on the mass of the virtual electron hole pairs

across the gap. In the optically induced RKKY, the energy gap is effectively reduced

by the laser field which increases the effective length to k = h/+/2m(E, — hwp),
with hwp being the energy of the laser. Also, the density of electrons in the occupied
bands in the insulator is replaced in the optical case by the density of photons in
the field. The innovative strength of the optically induced case resides in the control
potentialities since both the intensity and the frequency of the laser can be controlled

in an experiment. Going beyond second order perturbation theory presents intrinsic
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Figure 2.1: Scheme of the light induced spin-spin interaction in the case of two shallow
donors.
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difficulties in the case of metals [35]. These difficulties are not present in the optical
coherent case since there is no Fermi sea of electrons. The presence of a Fermi sea
simultaneously with the laser would produce light-induced Kondo effects [51], which
we do not consider here.

The chapter is organized as follows: In section 2.1 we recall the expression for the
effective Hamiltonian of two localized spins in the presence of a light field, relating
it to the spin-dependent T matrix operator of a two-center scattering problem. We
study first in Sec. 2.2 the scattering of one exciton with one center. By generalizing a
result from scattering theory [36] to the spin dependent case, we show in section 2.3
how the T matrix operator for the exciton scattering on two centers can be expressed
in terms of the T operator for the one center scattering. We also study in this section
the effects of the polarization of the light and we show that a circularly polarized field
will induce an additional term representing a magnetic field. The theory is applied in
section 2.4 to two systems: shallow donors, and deep rare earth magnetic impurities.
We discuss implications for quantum computing implementations and for the optical

control of macroscopic magnetic properties in Chapter 4, Sec.4.3.

2.1 The effective Hamiltonian for localized
spins coupled by the light

A scheme showing the realization of a light induced spin-coupling in the case of two
shallow donors is given in Figure 2.1. We are not interested in calculating the optical
properties of the whole system, but we want to consider the effect of a coherent
field on the dynamics of the two initially non-interacting localized spins s4 and s®.
The light creates virtual/real excitons in the semiconductor host and couples the
localized spins. We want to study the behavior of the two localized spins in the
coherent optical regime. This implies that the laser is always off resonance with respect

to the free exciton band to avoid strong energy absorption. We therefore consider
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only single exciton processes in the presence of a monochromatic laser field. The
system of two localized spins coupled to one itinerant exciton is described by the
sum of two Hamiltonian terms. Hy describes a free exciton of mass m with dispersion

€r = €0 + h2k*/2m,

Rk o s
Hy = b, b
0 60 + %: 2m ko kO’

Hp = % D Tewl(st swa+ e E TG s ) blgbhes  (21)
kk'aa/ 3

and H; describes the spin dynamics, where the two localized spins 1/2 are described
by s4 and sB. V is the volume, and s is the electronic spin of the itinerant exciton.
bLaB creates an exciton with center of mass momentum £, electron spin «, and hole
spin 3. R is the separation between the two impurities. Jj 5 is the exciton-spin ex-
change interaction. The strength and the sign of this term depend strongly on the
nature of the localized spin. The sign, for instance, is determined by the competi-
tion between the ferromagnetic potential exchange and the anti-ferromagnetic kinetic
exchange which is due to the hybridization of the itinerant exciton state with the
localized state [37]. We will keep for the moment a general approach independent of
the nature of the Jj s , and we will discuss two specific examples in section 2.4. A
spin-independent term corresponding to a direct Coulomb interaction between the
exciton and the impurity is also present. This term is small for shallow impurities,
where kinetic exchange effects dominate, but becomes important for deep impurities.
We will include this term in the case of rare earth impurities discussed in Sec. 2.4.2,
and we disregard it in the general discussion since it only introduces spin-independent
energy shifts. We assume that the 1s excitons dominate the light induced effect, as
discussed in Ref. [6]. Moreover, we focus on systems where the localized states interact
only with the electron in the exciton: the full Hamiltonian in Eq. (2.1) is diagonal in
the hole spin index 3. This is a good approximation for electrons in neutral donors,

since it is equivalent to neglecting the electron-hole exchange interaction which in
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most semiconductors is much smaller than the electron-electron exchange. Concern-
ing the second example we will consider, i.e. the case of the Yb3T ions in III-V, it
is known that these ions act as strong isoelectronic traps for electrons and the s-f
exchange in the conduction band dominates.

The interaction of the excitons with an external time dependent optical field pro-
vides the mechanism for the control of the two localized spins and is described by the
Hamiltonian

H; = \/VZ pgei“’”gblsbkzojaw:g + h.c. (2.2)

where p,! is the Rabi energy of the interband optical transition and hw; is the
energy of the laser, o is the polarization of the light. We have used the rotating wave
approximation in Eq. (2.2). ¢, is the envelope function of the electron hole pair
taken at p = r. — r, = 0. In the case of a cw laser field, the time dependence can be
eliminated by moving to the rotating frame with frequency wy, thus replacing ¢, by
€, — hwyr, in Hy.

We are deriving an effective Hamiltonian for the two localized spins in the presence

of the laser field, as shown in Chapter 1.

Heppow =V | 90 [P 615 1> Groovos (wr) (2.3)

where

Groo o0 (wr) = (A0o|

1 /
Feo = (2.4)

is the Green’s function for the system composed by the exciton and two spins, with

Okkr
hwy — (eo—l—%)—i—in

Gwr) = (2.5)

Since we are dealing with only single-exciton processes, the Lippman-Schwinger equa-

tion for G can be rewritten in terms of an equation for the T-matrix defined by the

In Chapter 1 the Rabi energy is designated by hgp.
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relation G = Gy + GoT'Gy. We solve the problem in two steps: (i) the T4 and T?
operators representing the scattering of the exciton with only one impurity (identified
by the index A or B) is solved. (i) The T-matrix for the exciton interacting with two
impurities is explicitly rewritten in terms of 7% and T using [36]

1
T =

A N
= T—FagorEee L [1+G°TP] + (A= B) (2.6)

where (A = B) stands for repeating the previous term with interchange of super-
scripts A and B. Eq. (2.6) takes into account exactly all the multiple scattering
processes between the exciton and the two localized spins. We will focus in the next
section on the interaction of the exciton with a single localized spin. Multiple scat-

tering effects in the two spins case are addressed in section 2.3.

2.2 Exciton - single impurity scattering

This section focuses on the solution of the T-matrix equation for one scattering center
(named A). Due to the short range nature of the exchange interaction, the exchange
integral Ji s in Hy is often reduced to a constant, corresponding to a delta-like in-
teraction in space. Here we consider a more realistic form of the interaction using
the separable potential approximation [38,39] where Jj» = Jugvy, with vg being a
dimensionless form factor that depends only on k& = |E| . vy, describes the effect of
the finite size of the non-local exchange interaction (see Appendix E). The separa-
ble form of Jj ;s will allow us to obtain analytical expressions for the T-matrix, and
provide a flexible theoretical framework with parameters that can be taken from the
experiments. On the other hand, this potential can support at most one s-like bound

state. The integral equation for the T-matrix, T'= H; + H;GoT, can then be written
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explicitly as

J J Z
T’i/aa/ - VUkUkISA *Saa’ + e UkUkNSA ° Saa”Gg”Tlg}’k’a”a’ (27)
kol

We can write the T-matrix as a sum of a scalar and vector part

Tkilaa/ = %[Tgéaa/ + TISA . Sao/] (28)
and, using the identity
3 st s
A \2
: =z 2.9
5 =15~ 3 (2.9)

we rewrite Eq. (2.7) in the form of two coupled equations

3
Ty, = —JFT (2.10b)
16
where
1
Fo(wr) = 17 kz 02, G, (2.11)

The reduction of the integral equation to two algebraic equations is a consequence of
the form of the interaction and the fact that the all spins follow SU(2) algebra®. The

two coupled equations in Eq. (2.10) are solved and give

3J JF,
o = 1_61 + % _ 3(JFp)? (2.12a)

16
J
T, = (2.12D)
1+ % -

This analytical solution allows us to investigate the strong coupling regime in which

the quantity JFp is not small. The most interesting feature of the strong coupling

2In the general case of spin s > 1/2 the integral equation requires the inclusion of other powers
of the spin operators.
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regime is the formation of bound states of the exciton with the impurities, identified
by the poles in the T-matrix. Varying the frequency of the laser wy,, which will modify
the Fj, we can scan the spectrum to obtain the energies of those bound states. We
remark that under the condition w; < €, and assuming that the potential v(k) is

an analytic function of k£, no singularities or branch cuts exist for the function Fj.

JFy, _ 3(JFp)?

Therefore, the only source of poles is given by the zeros of the function 1+ =5 TE

appearing in 77 and 7Ty. Considering separately the singlet and triplet channels we

find
3/4J
TS = T = —— 't - 2.1
(SIT1S) 1+ 3/4JF, (2.13)
/4
T - _
TN = (2.13b)

Where |S) = 1/v2(|1])— [L1)) and |T) is any of the triplet states. In the singlet and
triplet channels only one of the two poles in Eq. (2.12) is present. Due to the fact that
Fy(wy) is negative for all allowed values of wy, we also remark that, as expected, the
exciton binds in a singlet spin state if J > 0 (antiferromagnetic coupling), while the

bound state is a triplet if the exciton-electron exchange is ferromagnetic (i.e. J < 0).

2.3 Exciton - two impurities scattering

Starting from the results obtained in the previous sections, we construct in this section
the solution for the exciton-two impurities T-matrix and the corresponding H,y; for

the localized spins. Eq. (2.6) can be expanded in terms of T" operators as
T =T+ TAGT? + TAG'TBGTA + .. (2.14)

The matrix for TP can be obtained from a simple phase shift: if T}}, is the T-matrix

for a scattering center with potential V(1) then e=*(* ~%)RT4 is the corresponding one
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for a potential V (r — R), i.e. T, [36]. We can take the matrix elements of Eq. (2.14)
in the k representation. To illustrate how this series can be summed let us consider
as an example the third term in Eq. (2.14)

1 N " 1"
<k7 | TAGOTBGOTA | kf/> = W Z Ukvk//TAque_l(k —k ).Rvkuvk///

k//,k///
XTBGglllvk/”’UkJTA (2.15)
where we have defined
TAB) = Ty + T1s4B) . s | (2.16)

Reordering factors and defining the function

1 )
Fr(wr) = 3 > et Gy (2.17)
k
this term takes the form,
”’“5’“ F2(w;)YATEYA (2.18)

Following the same procedure, the full series can be summed to

vkvk//V A B R

The T-matrix is now expressed as an operator in a 8-dimensional space generated
by three spins 1/2: one electron in the exciton and two localized electron states. By
direct inversion and products of 8 by 8 matrices, Eq. (2.19) can be rewritten in terms
of a combination of spin products (see Appendix B), and using G = Gy + GoT'G( we

obtain the spin dependent effective Hamiltonian

Hep = Begs - (s% 4+ 8%) + Jepps™ - s (2.20)
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By represents an effective magnetic field acting on both spins and J. is an effective
isotropic Heisenberg exchange. The effective magnetic field and exchange constant can

be written as

B . ‘pa'+|2 - ‘pU_P ’¢13‘2/USJ(1 B JF];) é 2 21
7 52 (1—JF)[1 — JFE(3JF;, —2)]2 (2:21)
R R R
and
P 2 il [ |f1s*05 T2 F/2(1 — T F)
il 52 (1— JED)[1 = JFL(3JF; —2)][1 — JF, (3JF; —2)]

(2.22)

where we have defined

1 .

F(wy) = e > (1 Ray (2.23)

k

Z identifies the direction of propagation of the light, 6 = €y — hwy is the optical
detuning, and gp,+ correspond to the contributions to the Rabi energy from the two
circularly polarized components of the light. From Eq. (2.19) a spin-independent term
is also derived which is not shown in Eq. (2.20) since it is irrelevant for our purposes. If
we want to include the effect of the degenerate light hole band the two expressions in
Egs. (2.21) and (2.22) should be multiplied by 2/3 and 4/3, respectively. By keeping

the lowest order in J in Egs. (2.21) and (2.22) we obtain

2 2 N
o - o— z
Bepp = ot 52 oo |¢15|2U3J§ +0(J?) , (2.24)
and
- 2+ . 2
Jepr = [ 62|p | P15 05 J* Fr/2 + O(J?) (2.25)

which recovers the Optical RKKY result of Ref. [6]. The magnetic field induced by
virtual excitons has recently been analyzed using a more fundamental approach in

the case of a single impurity by Combescot and Betbeder-Matibet in Ref. [40]. In this

34



reference the spin independent term that provides a correction to the optical Stark

shift is also discussed.

2.4 The spin - spin coupling

In this section we apply the results obtained above to (i) excitons mediating the
interaction between two electronic spins localized in shallow donors (e.g. GaAs:Si)
and (ii) excitons mediating the interaction between two magnetic ions with spin 1/2
(two rare earth ion Yb?*" in InP). Yb in InP is one of the most investigated rare earth
doped III-V material. In principle Yb3* in GaAs could be used but it is technically
more challenging to obtain samples where only substitutional Yb is present. [41] We
will focus on the effect of the binding of excitons on the spin-spin coupling. The
parameters J and the range of the potential v, can be fixed in such a way that the
single-spin exciton T-matrix reproduces the binding energy and the spin configuration

of the bound exciton obtained from the experiment.

2.4.1 Shallow donors

For a scheme of the system we can refer again to Figure 2.1. For excitons interacting
with a shallow neutral donor the effective mass approximation can be used. The prob-
lem of excitons bound to neutral donors and acceptors has been heavily investigated
both experimentally and theoretically [42]. In the case of GaAs it is known that the
exciton binds to a neutral donor with a binding energy of about 1 meV. It is also
clear from the magnetic field dependence of the bound exciton resonance that the
two electrons are paired in a singlet around the donor ion and the hole is bound by
Coulomb interaction. The picture is very similar to the one of a positive charge bound
to an H™ ion. As in the H™ ion case, the dominant term responsible for the binding of
the two electrons is a kinetic exchange term and we can therefore disregard the effect

of a spin independent term in the Hamiltonian. The range of the kinetic exchange is
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determined by the hybridization between the localized electron state in the neutral
donor and the electron state in the free exciton. We therefore assume that the vy, is
of the form

1

= 2.2
T T Ak (2:26)

where the parameter A determines the range of the potential. In the following we will

use the excitonic atomic units, see Appendix C. We can calculate the functions Fy

and Fg in Eq. (2.11) and Eq. (2.17) as

1 1

P o= — 2.27

’ ATA (AVoU + v) (2.27)
“R/A _ _—R\/5/v

Fp = - °© ‘ , (2.28)

AT R A2§ — v

where v = p/m is the reduced total mass ratio of the excitonic system which is about

1/5 in GaAs taking m, = 0.08 and mj, = 0.17. Notice that Fg can be rewritten as

o~ R/N _ ~R\/5/v

Fr=F, Av
S R(AVov —v)

(2.29)

and has no poles for positive detuning J; for R > X\, Fr has a Yukawa form with
a detuning-related decay length a*B\/V_/(S as found in Ref. [6], while at short R the
finite range of the potential regularizes the 1/R divergence. In v, we take A =0.25.
Using the fact that the exciton binds to the donor only in the singlet channel, we can
determine the value of .J in the T in Eq. (2.13a) in such a way to have a pole at the
experimental binding energy. The J is positive, as expected from the fact that the
kinetic exchange is antiferromagnetic, and we take its value to be J = 1 Ry*(a%)?
which gives a binding energy for the singlet of 0.23 Ry*, in accordance with the

experimental value of 1 meV. The triplet is unbound.

We plot in Figure 2.2 the coupling constant J.r; obtained from Eq. (2.22) as a

function of the energy of the laser measured from the bottom of the free exciton
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Figure 2.2: Coupling constant J.;s between the two electronic spins localized in a
shallow neutral donor embedded in GaAs as a function of the laser energy, measured
from the bottom of the free exciton band. The intensity of the laser corresponds to a
Rabi energy of @, = 0.05 meV. The dashed line gives the result predicted with the
same parameters using second order perturbation theory in the coupling constant .J.

band, 6 = ¢y — hwyr. A small imaginary contribution to the energy, n = 0.0001 Ry*,
has been added in all the plots. The Rabi energy is @, =0.05 meV. The 0— com-
ponent of the Rabi energy is zero. The separation between the two neutral donors R
is 2 a. In the region of large detuning we have a ferromagnetic coupling in agree-
ment with the results obtained in the ORKKY limit. When we approach the energy
corresponding to the binding of the exciton to the impurity, at 6 = 0.23, we observe
that the interaction is strongly enhanced and there is a region with an antiferromag-
netic (AF) coupling. Multiple scattering between the two impurities results in the
formation of bonding-antibonding states for the exciton. When the light has a fre-
quency in the bonding-antibonding gap the effective interaction changes sign. This is
analogous to the antiferromagnetic coupling generated by superexchange in magnetic
materials. [37] When the laser is tuned above the resonances we recover again the fer-
romagnetic coupling. In the same plot we also show the effective coupling that would
result by keeping the lowest order in J (ORKKY). In this case no resonances due to
the binding of the excitons are present and, in order to obtain a sizeable coupling,
the laser has to be tuned close the bottom of the excitonic band. In Figure 2.3 we

show a contour plot of the effective spin-spin coupling as a function of the detuning
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and impurity separation. Dark gray corresponds to either strong negative or strong
positive coupling depending on the region, the light gray tone in the upper-right cor-
ner corresponds to zero. At large R the coupling is mostly ferromagnetic and there is
only a small region close to the exciton binding energy where the coupling can be AF.
When the distance between the two impurities decreases, the bonding-antibonding
gap and the region corresponding to the antiferromagnetic coupling is wider. The
thick dashed line indicates a change of sign of J.¢;. Notice also the different decay of
the interaction as a function of R for different values of the detuning. At 6 =0.4 the
maximum strength is at R = 0.8 and decays quickly within a quarter of aj; to the
minimum value in the plot. At § =0.1 the same minimum is reached within a much
larger interval of about 2 aj;. This is consistent with the fact that at a small detuning
there is a contribution from the free exciton band which can give a longer range for

the effective interaction.

2.4.2 Rare earth impurities

The magnetic properties of the Yb?" ion in III-V [43] arise from its partially filled
4f shell, possessing 13 electrons. In ITI-V materials, for a substitutional impurity, the
crystal fields split the ground manifold of the ion into two doublets (spin:%), I'e and
I'7, and a quadruplet (SpiH:%>, I's. The lowest lying state is the Kramers doublet
['¢, which behaves like a spin % with an effective isotropic ¢ = 24/7. [44] Yb in InP
replaces Indium and acts as an isoelectronic trap. From electrical [45] and optical [46]
measurements it is known that the exciton binds to this isoelectronic impurity with
a binding energy of 30 meV. The binding is due to a short range potential that
arises from the difference in the core pseudopotential between the impurity and the
host ion it replaces. [47] It is reasonable to assume that this short range potential

is spin-independent and we take it into account by adding to the exciton-impurity
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Figure 2.3: J.ss as a function of the donors separation R and detuning 0 . The contour
plot identifies the regions where the coupling is Ferromagnetic (FM) or antiferromag-
netic (AF). The thick dashed lines indicate a change of sign of J.;s;. The intensity
of the laser corresponds to a Rabi energy of 2 = 0.1 meV. The intensity of gray
represents the value of J.ss.

39



Hamiltonian of Eq. (2.1) the term

Hy = % > Mg (L4 e IR b (2.30)
k!

We use the separable potential approximation also for the spin-independent short-
range potential and we parametrize it in the form Ay, = Awvgvy, ie. it has the
same k dependence of Jj . A more general analytical result can be obtained using
a separable form for Ay with different coefficients, but we expect the range of the
s-f exchange and that of the impurity potential to be very similar. The value of A
is determined by imposing that the exciton-single impurity T-matrix has a pole for
both singlet and triplet channels at 30 meV. Following the same procedure used in

Sec. 2.2 we obtain for the T operators in the singlet and triplet channels

—3/4J + A
1+ 3/4JF, — AF,
J/4+ A

7 = . 2.31b
1—1/4JFy — AF, (2.31b)

TS

(2.31a)

The expressions for the J.;¢ and B.r; modified by the presence of A can be obtained
by plugging the Eqs. (2.31) in the general expressions of Egs. (B.5) in Appendix B.
The quantity J is the s-f exchange interaction between the impurity and the electron
in the exciton. In typical rare earth ferromagnetic semiconductors the s-f exchange is
ferromagnetic and is of the order of few eV A® [48], comparable to the s-d exchange
in Mn based diluted magnetic semiconductors. [49] We are using J = —107* in our
units which corresponds to a conservative estimate of 0.7 €V A3 in InP. In InP the
value of the Ry* is about the same as that of GaAs (5 meV), while the Bohr radius
is about 120 A. For A in v, we take A = 0.01 which is of the order of the ionic radius

of Yb3T.

We show in Figure 2.4 the contour plot of J.¢; as a function of the laser detuning

0 = €9 — hwy, and of the separation between the impurities R. At large distances we
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Figure 2.4: Coupling constant J,;; between two magnetic Yb*" localized in InP as a
function of the laser detuning § = € — hw;, and separation between the ions. The thick
dashed lines indicate J.;;=0 and a change form ferromagnetic to antiferromagnetic
coupling. The intensity of the laser corresponds to a Rabi energy of 2 = 0.1 meV.
The intensity of gray represents the value of J.yy.
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observe two resonances related to the binding of the exciton in the singlet and triplet
channels. Figure 2.5 (a) shows in detail the J s for a distance R = 1 a};. The two
peaks in Figure 2.5 (a) correspond to the exciton bound to the impurity in the triplet
and singlet channel. The peak at larger detuning corresponds to the triplet since the
s-f exchange is ferromagnetic. For shorter distances we see from Figure 2.4 that each
of the two peaks starts to split. The singlet (at smaller detuning) follows a behavior
similar to the one of the shallow donors described above: the bonding and antibondig
states identify a region where the coupling becomes antiferromagnetic. The triplet
state splits in many different peaks as can be seen from Figure 2.5 (b). The sign of
the interaction can change many times as a function of the detuning in this short
distance region. This is indicated by the sign of J.;¢ plotted in the lower part of
Figure 2.5 (b). Overall the antiferromagnetic coupling dominates at short distances

while the interaction is ferromagnetic at large R.

2.5 Discussion

In conclusion, we have studied the problem of two 1/2 spins localized by impurities in
semiconductor in the presence of an intense light field. The light induces a frequency
dependent spin-spin coupling and a magnetic field that can be controlled by the
polarization of the light. The effects are enhanced by the presence of impurity bound
excitons which may split into bonding and antibonding states in the case of two
impurities. The sign of the spin-spin coupling is generally ferromagnetic, but it can
switch to antiferromagnetic when the laser is tuned to the bonding-antibondig gap.
We have developed a flexible theoretical approach based on scattering theory where
the parameters from the experiment can be used to estimate the size of the effect. We
have discussed explicitly the case of two neutral donors in GaAs and two rare earth

magnetic ions (Yb?") in InP.
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Figure 2.5: Coupling constant J.;; between two Yb™® ions in InP as a function of
the detuning J. (a) Large distance. The coupling is ferromagnetic and the resonances
in the interaction are close to the energy of the exciton bound to the Yb. (b) Short
distance. The triplet channel splits in many different peaks producing many changes
of the spin-spin coupling sign. The lower curve shows the sign of the coupling constant.

43






Chapter 3

Indirect interaction in

micro-cavities

Planar micro-cavities are semiconductor devices that confine the electromagnetic field
by means of two parallel semiconductor mirrors. When a quantum well is placed in-
side a micro-cavity the optical excitations (excitons) in the well couple to the electro-
magnetic modes of the dielectric structure. In the so-called strong-coupling regime,
excitons and cavity photons give rise to new states, exciton polaritons [5], which
appear in two branches separated by a vacuum Rabi splitting. Due to their hybrid
light-matter nature, cavity polaritons have an effective mass that can be four to five
orders of magnitude smaller than the exciton mass, and this is known to affect their
interaction with phonons [52] and with interface disorder [53,54]. In this chapter, we
show that the small polariton mass also has a strong effect on the optically induced

spin coupling between localized spins.

The physical system that we consider is a set of shallow donors embedded in a
Quantum Well (QW) enclosed in a planar micro-cavity. A possible candidate is Si in
a GaAs QW. However, the same idea can be applied to other spin-based implementa-
tions, e.g. charged quantum dots. Under strong coupling conditions, optically active

excitons and cavity photons combine into polaritons, while dark excitons remain un-
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affected. If the system is excited by an extra-cavity cw light source with a frequency
below the polariton resonance, virtual polaritons appear in the system. These vir-
tual particles mediate an indirect interaction between pairs of impurities. We seek to
understand the indirect interaction of two spins when polaritons and dark excitons
mediate the interaction, and the consequence this has on the optically-induced para-
magnetic to ferromagnetic transition of an array of such impurities. The form of the
effective Hamiltonian that contains only spin operators for the impurities is derived
using perturbation theory to second order, similar to the optical indirect interaction
ORKKY [6,7]. For the sake of clarity, when solving for numerical data we will assume

our system consists of Sv donors in GaAs micro-cavity QW.

3.1 Polaritons

A simplified picture of a planar micro-cavity is that of a Fabry-Pérot interferometer,
where light incident normal to the surface only propagates for discrete frequencies.
If a semiconductor QW is placed within the mirrors®, excitons are generated by the
interaction with light (see Figure 3.1). If the combined decay rates for cavity photons
and excitons is smaller than the strength of the interaction® between these two par-
ticles a strong coupling develops. In this regime, the stationary states of the system
are no longer the excitons and/or photons, but an admixture of them, the polaritons.
An intuitive picture of the process is that of a photon that creates an exciton, which
in turn by coupling to the cavity mode, produces a photon, and the process continues
back and forth. The study of polaritons is done in the context of either classical or

quantum electrodynamics. [5,54,55,57] We employ the latter.

'Instead of metallic mirrors, a series of semiconductor layers, the Distributed Bragg reflectors, are
used.

2This is strictly true when the energy of the exciton equals that of the cavity photons at k = 0,
that is in resonance condition.
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Figure 3.1: Micro-cavity with DBR mirrors (not to scale). Typical values for the size
of the system are: width of each DBR. period /4, cavity width A\/2, QW width 100A4,
with A\ the wavelength of the light.

The Hamiltonian describing cavity photons and excitons is

H = hz WXk b};bk + thph,k C]chk + EZWX,IC blt:bk

dark o.a.

—ihz gk chby + hec. (3.1)

where b/b! and c/c' are operators for excitons and cavity photons®; o.a. and dark
stand for optical active and dark excitons. Photons only couple to o.a. states. In

Equation 3.1

Wxkr = €o + —
m
C
Wt = =V k% + ¢?
hgk - L_1/2d0v¢ls(0) V 27Thwph,k )

3Following the quasimode approximation, we treat the electromagnetic field inside (cavity pho-
tons) and outside (extra-cavity photons) the micro-cavity as different entities. [54] This in addition
to the fact that we deal with the off-resonance case, allows us to apply perturbation theory to the
Hamiltonian that describes the extra-cavity or laser field Hy, .
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Figure 3.2: Polariton dispersion law for a QW (solid line) and dark exciton band
(dashed line), for resonant conditions A = 0.

W7

where k is the in-plane momentum, ¢ is the momentum in the growth direction
(z-axis), ¢/n is the speed of light in the medium of index of refraction n, and L
is the quantization length of the electromagnetic field in the growth direction.® A
complete quantum mechanical treatment is possible using the Hopfield transformation
that brings the photon and exciton operators to polariton ones, and diagonalizes the
Hamiltonian. These polariton operators p;, ¢ = 1, 2 represent the so-called upper and

lower polariton branches respectively, as shown in figure 3.2. The transformation reads

Pik = Uig b+ vigCr . (3.2)

where,

B Qi — Wphk
Uik = 0
280 1 — Wphk — Wxk

0. —
vip = i—i\/ ik — WXk (3.3)

2Q | — Wphk — Wxk

1 1
Qk,z’ = §(ka + wphk) :l: 5\/<ka — wphk)2 —+ 4g’% . (34)

4In Chapter 1 the quantity €, is an energy, in contrast here it is taken as a frequency.
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[ A<0][A>0]

Lower: €, wx Wph
Us 1 0
(%] 0 —1

Upper: €24 Wph wx
Uy 0 1
U1 )

Table 3.1: Limits of the energy dispersion law and Hopfield’s coefficients for coupling
g — 0, where A = wxo — wpno = €0 — £q (k = 0).

In the last equations, — and + correspond to lower (i = 2) and upper (i = 1) branches

respectively. The Hamiltonian 3.1 is thus replaced by

dark k,i

Table 3.1 shows that in limit ¢ — 0 the excitonic or photonic physics is recovered
on one or the other branch depending on the sign of exciton-cavity detuning A =

Wxo — Wpho = €0 — ﬁq(k‘ = 0)~

3.2 The Hamiltonian of the system

As starting point, we use the total Hamiltonian for the system, as described in Chap-
ter 1, and the cavity Hamiltonian 3.5. In addition, the interaction between holes and
localized spins will be included, since it is important in the case of deep impurities.
The light-exciton interaction Hj, and the localized spin-exciton interaction H; must
be rewritten in terms of the new polariton operators. The calculation can be simplified
by restricting the analysis to the lower polariton branch. In a digression at the end of
Section 3.3, with more tools at hand, we show why this approximation is meaningful.

An important feature that we would like to capture is the difference between the
indirect interaction mediated by excitons and the one mediated by polaritons. For this

reason we want to be able to take the limit ¢ — 0 to recover the only-exciton scenario.
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From now on, we will restrict to the lower polariton branch, with the requirement
A < 0, which ensures the correct limit for ¢ — 0 — the branch index ¢ will be dropped.
At low intensity and high detuning, only processes involving one virtual particle are
present. We further restrict the discussion to circular polarization o, . Hereafter, we
refer to the particle type, either polariton or dark exciton, as the channel. Therefore,
the system consists of two localized spins plus one virtual excitation, either polariton

or dark exciton.

The extra-cavity light generates virtual optical active excitons and thus polaritons.
The interaction H; connects different channels, since a flip of the electronic spin will
cause (0.a. < dark). The terms Hy and Hj are obtained by inverting the Hopfield
coefficients {u,v}: by = repr (Eq. 3.2), and replacing in the 2D versions of Eq. 1.9
and Eq. 1.17. They read

Hy = WZZ pcfr()eiwj:t¢lspk:0,a+,@:0 + h.c.

hJ (K , j j j j
HI = — Z e_Z(k _k)R]UkUk/ (H]J;,X+H)J(P+HIJDP+H)3(X) ) (36)
jkk'ad! B

where for the case of an arbitrary impurity j located at R;

ngp — 7’;;/ Tk S]PP pzla/pka

o . i
H;(X - Sg(X bk/a/bka (3 7)
Hbyx =715 Shy Ploabra

J _ J i
Hyp =71 Sxp bpoPra s

and the exciton-impurity exchange interaction is chosen separable (see Appendix E)
Jvu(k)v(k') with v(k) = [1+ (A k)21 [38]; indexes { X, P} refer to the particle type or
channel: either dark exciton or polariton. The time dependency in H, is eliminated by
transforming to the rotating frame at frequency wy. S contains the spin part, which as

stated before, has the interaction electron - localized state, and hole - localized state.

20



The former consists of an Heisenberg interaction. The latter is of the Ising form, for
the existence of transverse spin operators acting on the hole would cause its spin to

undergo transitions to states of s, = 41/2 which belong to the light hole band®:

Syx = Spp= Sf(81/2z + ( 83/2z)
1 1
Spxy = Sip= §5f(31/2+ + S172-) + 2—2.8;4(51/2+ — S1/2-) s

where s and sy, are spin operators for the localized spin and for the electron in
the polariton/exciton respectively.5 We also include a constant ¢ to account for the
difference in strength between these two contributions to Hy. [49] The interaction that
connects an initial state of polaritons with a final state of dark excitons (or vice versa)
must be one that flips the spin of the state; this is accomplished with operators s_
and s.. No spin flip occurs for the case of the interaction that conserves the particle

type (either polariton or dark exciton)”.

The new physics we would like to describe is indeed evident already in second
order in J, the coupling between localized states and excitons®; thus, we restrict to
this order to keep the mathematical treatment simple and easy to grasp. Again, an
effective Hamiltonian for the interaction between two localized states will be derived

for the off-resonance excitation of polaritons.

®We remind that the quantum confinement splits the heavy-hole and light-hole bands, and thus,
transitions to the light-hole are suppressed. In other words, quantum confinement [56] forces the
hole to lie in the z-direction, thus contributing an Ising interaction.

Note that H p = Hpx.

"H; as described in this chapter is the expanded version of S, given in matrix form in Chapter 1,
with the addition of the hole interaction. For example, Spp is either S1; or Sso, and Sxp is either
512 or Sgl.

8Notice also, that the hole can not flip between the states |S, = 3/2) and |S, = —3/2), because
this will imply the use of three operators s394 ,_, which is third order in J.

ol



3.3 The effective Hamiltonian

Using the formalism of effective Hamiltonian described in Section 1.3, modifying
Eq. 3.1 and Eq. 3.6 according to a rotating frame with frequency wy, and defining the

Green’s function we write

Heff = hZA’7“0|2|@a|2’¢1s\2<p0|G(wL)|po>,

where pg is a polariton with an in-plane wavevector £ = 0 generated with circular
polarization o+ such that (a + ) = o+.
The problem is better analyzed if the state space 3 of one quasi-particle (polariton

or dark-exciton) is resolved into subspaces that are invariant under the action of G°:

%1X : {|]€,0,0[,O>}

%1}) : {|0,k,0,0&>},

leaving the bare Green’s function G° completely diagonal, depending only on channel

and wavevector. The bare polariton/dark exciton Green’s function reads

o 5kk’5aa’ 1
o h wL— W%

0 '5040/ 1
G%p = (0,k,0,a[G"[0,k",0,a") = ==

Gy = (k.0,0,0/G°|k',0,a’,0)

h wp —wxpi
Ghxr = (0,k0,a|/G°|k',0,a’,0) =0

Gg(P,Ic = (k,0,0,0/G°|0,k',0,a') =0 .

However, the Green’s function G depends on wavevector, spin and channel, and has

non-zero off-diagonal matrix elements in all these indexes.

The expansion of G reads

G = G'"+G°H;G° +G°H;G°H;G° + O(J?) . (3.8)
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The zero order term contributes a shift to the energy. The first order term is an
effective magnetic field. The second order term is the lowest contribution to the
indirect interaction, and contains cross terms formed out of H; belonging to different
sites, as well as single site terms. Our concern is with two site scattering and so, we
focus on the cross terms. Moreover, we consider only two localized states? A and B

at positions r = 0 and r = R, respectively. In matrix representation

(T'pol G |Tpo) = G0y ('m0l HG e HP [Tpo) G4

1 1\’ ,
- (Gmm) wient it

plus a term with site indexes interchanged. The phase ¢ is related to the separation
between impurities, see Eq. 3.6. We are studying the coherent stimulation of the
system, so |I'pg) = |I') ® |0,k =0,0,0+), where |I') stands for the spin degrees of

freedom of the two localized states. In matrix representation

, HY, H% G% 0 [ HB, HB
HfGer¢H}3 _ ~XX ~XP X euj) ~XX ~XP

— HpyGS%eHEp + HppGhe* HEp

where, in the final matrix, we focus only in the element that is relevant for us. H ?\4 .
(RI[A) D jraars e "W =R Ry HY v where the dependence on the other quantum
numbers is omitted for clarity. The apparent asymmetry of the result is a consequence
of analyzing the coherent process that has the same initial and final (polariton) state.

From the definition 3.7, it is clear that the element Hxx does not enter the process

9GY does not depend in this new quantum number.
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because b'b [p) = 0. The resulting second order term is

1 1 2
I’ @ r T
(Ipo| G [T'po) e\ ) *

(T"po ﬁ?XG())(ewﬁ)l?P + ﬁﬁPGOPeiQS]:]EP Tpo) . (3.9)

As an example, the first term — intermediate scattering of a dark exciton — for arbitrary

initial and final states of polaritons (without projecting the spins) is

ITA 0 _¢717B _ ITA 0 i(k" —k')-R 7B
HpxGxe HXPLk, = E:HPX,kk”GX,k”e Hx p oy
k.//
s 1.7
(h J)2 6_Zk R o
= vkvk/rZrk/8ﬁXS§PT E vine® RGg@k,,.
k.//

For both terms, the intermediate scattering mediated either by a polariton or a dark

exciton gives rise, respectively, to the series

1 St
FRX = Z E Uz//elk RGg(k//

k//

1 101
FRP = Z E 'U]%// ’rk// |2€zk .RG(JJZ)k.// 3 (310)
k'’

both depending on R and wy, as well as other parameters.

A similar analysis of other terms in the expansion of G in Eq. 3.8 shows that the

expansion is in powers of JF'. In the spinless case it reads
/ 0 0, 2] 2
(I'py| G |Tpy) = G°Q1+ GU()Z 1+ JF+(JF)+..] ¢ ,

where F' is any of the functions defined in Eq. 3.10.

Our interest is in the second order term. After some algebra on Eq. 3.9, evaluating

it at k = k' = 0, and choosing the functions {r, p, ¢15} real, we obtain

hJU0T02@ O ?
He T = 2( + ) [Fre St SE + FryS;,SE + A= B] |

wy, — QO P pp —pp
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where the only operators that appear are the ones for the spin of localized states A

and B. The spin dependent term reads

hZ
Sﬁpsﬁp = 3355(51/22 + C33/2z)2 = SZASf Z + Cz (83/2,2)2 +2¢ 51/2253/2z
1 )
SﬁXS)]?P = Z[Sf(sl/ﬂ + 8172-) — 28;4(31/% — S172-)] X

[Sf(sl/ZJr + 51/27) - i$5(31/2+ — 81/27)]
1

= Z[s?sf(sl/2+ + 81/2,)2 — i8?85(81/2+ + 31/27)(31/2+ - 51/2*) -
isfsf(&/u - 81/27)(51/2+ + 31/27) -
5;485(81/24_ — 51/2_)2] . (311)

For the circular polarization 0+ considered here, the polariton generated in the cavity
has electron spin s, = —1/2 and hole spin s, = 3/2. Projecting expressions 3.11 onto

this state we obtain

2 hQ 1 2
{pol Sgﬁ;sﬁj Ipo) = T (1 —6¢ + 9§2) s4sB = Z9 << _ §> 4B
h2
<p0|3$8£, Ipo) = Z[ AsB S‘;Sf +1 (sfsf — sfsf)] ,
1\ 2
HY = Cy Calg) | Frp9 (g‘ - §> 5258 + Fr,(sts? + sg‘syB)] , (3.12)

with Cp = (hvgJ py é1s) and Co(go) = (r0%/8)%, with detuning 6 = w;, — .10
Eq. 3.12 presents some important features. The coupling between light and matter
breaks the degeneracy of dark and optical active excitons, making the indirect inter-
action mediated by a polariton and a dark exciton different in strength and form;
the interaction is anisotropic. In addition, the different nature of electron and hole

interactions introduces an extra source of anisotropy.

10We make explicit the dependence on gy of Cs since this parameter controls the transition from
the exciton to the polariton picture, and is of crucial important for this work. Likewise, we prefer to
talk about ¢ instead of wy, because that is the parameter that makes possible to compare both cases,
excitons and polaritons. As a consequence of the change in gy the bands drift and, if not corrected,
this contributes to a change in detuning 6 = wy, — Q.
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3.4 The neglect of the upper branch polaritons

The following considerations support the neglect of the upper branch polaritons.
i) Consider the transformation that links the exciton operators with the polariton
operators for both branches: by = 7, poy + tp p1x. Figure 3.3 presents the numerical
evaluation of the coefficients as a function of wave-vector for different coupling go.
Note that, for the sign of A chosen, the limit of the coefficients for go — 0 are 1 and
0 for lower and upper branches respectively. Moreover, ¢; is smaller than r; for all £.

i1) The extra-cavity light frequency is tuned below the lower branch. To second order,

'« 0.01 0.03 0.05
Kk

095"

0.85/

0.75

Figure 3.3: Transformation coefficients as a function of wave-vector for different cou-
pling: go = 0.4 solid, go = 0.08 dotted and gy = 0.03 dashed lines.

the probability of exciting a state is inversely proportional to the difference between
the laser energy and the state energy, power 4th. Then, it is much more likely to excite
lower than upper branch polaritons, since the detuning of the former is much smaller
than that of the latter. Therefore, the only process considered must be one that has
the same initial and final states, namely a lower branch polariton with wavevector
k = 0 and spin (o + = 0+): |I'posy). i17) Given the last argument, we are in a
position to understand that a scattering process with spin flip and intermediate upper
branch polariton is forbidden to second order in J: We must start with an initial state
I poos ), if scattered with spin flip, the result is necessarily a dark state (there is no
such thing as a dark polariton), so the resulting state must belong to the dark exciton
band; given that we only consider second order in J the next scattering of this dark

state must lead inevitably to the channel that is coupled to the extra-cavity. Said in
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a different way, the second scattering process must return the state to |I'pg,.). If
the second scattering led to an upper branch polariton, a third interaction would be
required to comply with our stimulated emission process; the whole scattering would
be 3rd order. We still need to rule out the scattering that has no spin flip: iv) Assume
that upper branch polaritons are included in the model. New operators H[j][, that
account for the interaction between them and the other channels I (any of U, X, P)
will appear in Expression 3.7. As already explained, we know that HéU = H{}X =

Hg(U = 0. A new term in H;G°H; will appear, of the form HpUGOUHUp leading to

1 01
FRU = Z E U]%// |tk// |2€Zk RGOPk//
k://

1

1 o
- - E 'U]%//|t]€//|2€lk R— 3
A o Wy, — QU

clearly, Fr, << Fpg, for all k (the actual interval of k for which the integral is
meaningful is finite and “small”; this effective cut-off restricts the integrals to k such
that there is no overlap of lower and upper polariton branches.). The reason is twofold:
ty < 1 and wy, —Qy > wr, — Qp. Therefore, the scattering from lower to upper branch
polaritons gives a negligible contribution to the effective Hamiltonian, and can be

eliminated.

3.5 Results

Due to the quasi-continuum character of the bands, we can replace sums by integrals in
the expressions for the functions Fr, and Fg,. The former can be solved analytically

to

F 1 0o eikR cos(h) L b dd
T 2m)?h /0 [1+ (Ak)*P(wr — wa)

m (2RRKy =20 RVZRmMD, Ko+ % (h = 2m3, A?) K))
_ (313
2m Ah(h—2md, A?)? (3.13)

57



where the K’s are modified Bessel functions. For large R, behaves as Yukawa 2D

potential:
1
m3 4
Fp. = : 3.14
ol yr(1—2ma, A2 VR
with ¢, = w, — w,. For Fr, we have,
1 oo 2w r2 ez‘chos(G)
Fr, = k dkdo , 3.15
v Gl | T 1)
for which no analytical expression can be obtained.
3.5.1 A diagrammatic representation of the interaction
The relevant diagrams associated to the effective interaction for ( =0
HT = 0y Cy(g) [FRps:‘szB + FRx(sfsf + s‘;syB)] (3.16)

are depicted in figure 3.4. They describe processes by which the laser excites a k = 0
lower polariton that, after exchange interaction with one impurity becomes either a
dark exciton or a lower polariton with momentum k. After a second exchange in-
teraction with another impurity the quasiparticle becomes a k& = 0 lower polariton
that closes the diagram. Interestingly, the spin properties of the intermediate states
are very different. If spin exchange occurs, the intermediate particle is a dark exciton
whereas spin conserving exchange yields a lower polariton as an intermediate particle.
The different dispersion of dark excitons and lower polaritons results in anisotropic
interactions with different dependence on the inter-spin separation, R. The diagram
with dark excitons as intermediate particles yields a transverse coupling whose inten-
sity Fr, (R) is very similar to Optical RKKY interaction [6]. The polariton mediated

coupling Fr,(R) is spin conserving or Ising. Its strength differs from ORKKY due to
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Figure 3.4: Diagrams for the dark-exciton mediated (upper) and lower polariton me-
diated (lower) interactions between local spins A and B. Zig-zag lines represent the
external laser, with 0 in-plane momentum.

the different dispersion and form factor for small momenta.

3.5.2 The enhancement of the cavity

The effective Hamiltonian Eq. 3.12 can be rewritten in a way that makes clear the
enhancement of the interaction due to the cavity.

We see in figure 3.5 that we can assign to the functions r and €2, two characteristic
wave vectors k, and kg, and use k. = Maxlk,, kg] to separate the integral in two
regions. For k£ > k. both integrands of F, and Fr, coincide because r = 1 and the
effective mass of the polariton, h(%)_l, is the same of that of the exciton. The

k < k. part represents the deviation of Fg, from Fg,. Thus, we write
ke 21
FRP:FRX+/ dk k/ d0(Ip — Ix) = Fry, + Dp, , (3.17)
0 0

where I; is the integrand of either Fr, or Fg,:

, 1 r? etk R
) = o s (WP~ )
I(hR) = — et , (3.18)
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Figure 3.5: k dependence of the two functions r (solid) and €2 (dashed) in the integrand
of Fgp,. The cut-off k. = 0.037 was chosen at 1072 the asymptotic value of r = 1; for
ko = 0.27 the cut-off is at 1072 the deviation of the polariton mass from the exciton
mass.

where Dpx represents the scattering that has no exciton nature (only-polariton effect),
while all the excitonic effects (dark-excitons plus polaritons at large k) are gathered
in Fr,. Related to k. there is a crossover length R, that depends on the detuning 9,
Rabi frequency g and is inversely proportional to k.. This decomposition allows us
to make clear the transition from exciton to polariton effective Hamiltonians.!* For
the value of parameters and their range of variation in Si : GaAs we have, ko > k..
Therefore, k. is determined by kq. The determination of the analytical dependency of
this function on the parameters (A, ¢, go) is hindered by the complexity of the function
Q). Nevertheless, it is possible to describe qualitatively some relevant features. The
only parameter that substantially affects €2 is gg, the others (A, €) only produce a
small effect; we point out that gy depends on the dipole moment and the exciton
relative motion wave function at k = 0, hgy = L~V 2alcvgbls(())\/m . Taking
this into account, it is possible to get a numerical solution for k.(go), and it turns out
to be a positive monotonic function. As k. — 0, we have Dpx — 0, and so it can
be seen how the effective Hamiltonian tends to the one representing the problem of

excitons alone.

I Alternatively, a simplified analysis in terms of two regions with different masses is possible.
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With the decomposition Eq. 3.17 the effective Hamiltonian reads

HYT = €y Cy(go) % (3.19)

N 1\?
{FRJ; 9((—§> sfsf—f-sfsf—l—s;‘sf +me9(§—§) sfszB} .

Notice that 9 (Q — %)2 > 0, and thus, there is no change in sign no matter the value

of ¢. In addition, Fr, < 0; however, for certain values of the parameters Dpx may

change sign. Therefore, the interaction may be either ferro- or anti-ferromagnetic.

Although both the first and second terms in Eq. 3.19 have contributions from the
two diagrams of Fig. 3.4, their physical interpretation is clear: the first term is the
standard optical exchange interaction and the second term represents the enhance-

ment of the optical exchange interaction due to the presence of the cavity.

3.6 Shallow donors

In what follows, the case of shallow donors is analyzed, for which the electron-hole
interaction can be neglected (¢ = 0). For the sake of clarity, a particular system (S%
in GaAs QW) will be used to extract numerical results. The calculation can be easily
extended to other donors, and with some modifications, to the case of deep impurities
in which the hole interaction must be taken into account. The truncation of the series
of G to second order is justified by the numerical data used, where (JF) < 1 for
R > 2a%. This only imposes a limitation to the distance between impurity, that is

not relevant for our results.

The form of the effective Hamiltonian
H = Oy Co(g) (Frys™ - % + Dpx ss?) (3.20)

makes evident the transition from a regime where excitons and photons are indepen-
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Figure 3.6: Transition from weak to strong coupling regime. The relative weight of
only-polariton to exciton contributions is shown as a function of the separation be-
tween impurities: go = 0.4 (triangle), go = 0.3 (pentagon), go = 0.2 (square).

dent entities to the strong-coupling of polaritons: As the coupling is turned on (g
increases) the value of Dpy increases, as shown in Figure 3.6 2. The analytic and
numerical values for Fr,, Fr, and Dpx are presented in Figure 3.7. The striking
feature is the existence of two distinct regions separated by the crossover distance R..
For R < R., the dominant interaction is of the isotropic Heisenberg form, while it
changes to an Ising like interaction for R > R.. The former is mediated by exciton-
like particles and the second by polariton. This validates intuition: due to their small
mass, polaritons are well delocalized compared to excitons.'® Fig. 3.8 shows that, in
the scale of few a};, the interaction decays exponentially for excitons while it is clearly
of longer range for polaritons. For sufficiently large R, both Fr, and FFg, can be fitted
to a Yukawa law: J,(R) ~ R™'/2¢~#/foa where o = P or X and Ry, is the range
of the corresponding interaction. As expected from fig. 3.8, Rop >> Ryx. In both

cases the range of the interactions is related to the effective mass and the detuning of

12The calculation leading to Figures 3.6/3.7/3.8 is taken for fixed d, achieved by adjusting the
laser frequency wry,.

13This can also be understood noticing that for large R, the integrand of the function Fg, oscillates
and the integral of it in the interval [k., 00) tends to zero, which is what we expect to get a Yukawa
potential. On the other hand, the integrand of Dpx behaves as a monotonic function for small R
and develops only few oscillations that are strongly damped for R close to its maximum value, so
the integral is almost constant in the interval [0, k].
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Figure 3.7: The existence of two regimes separated by the crossover length R, ~
12a; (0 = —0.15Ry*, p = 0.16Ry*) is evident from the crossing of the effective
coupling constants J.r; = C1CyDpx (triangle) and J.;; = C1CyFR, (square). For
completeness, the plot shows the function J.py = C1CyFR, (pentagon). The two

regimes are: isotropic Heisenberg and Ising Hamiltonians, typical for excitons and
polaritons respectively.
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Figure 3.8: Logarithmic plot of Fg, (triangle) and Fg, (circle), that shows the
exponential decay and non-exponential behavior respectively (§ = —0.2Ry* and

o = 0.11Ry")

the corresponding quasiparticle, Ry = v/2M,d,. In the polaritonic case the fitting is

consistent with dp = § and Mp equal to the lower polariton effective mass, defined as
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the value that fits the lower polariton dispersion for small k to QF ~ QI + % For
the values of figure 3.8 we have Mp = 1075mg, where my is the free electron mass. On
the other side, for the excitonic case it can be analytically shown that M,—x = My
and dx = 0 + go, which is the detuning of the dark exciton and the laser. There-
fore, the long-range interaction of the cavity-enhanced optical exchange interaction is

related to the low effective mass of the lower polariton.

3.6.1 The critical temperature of an array of spins

As demostrated by Ferndndez-Rossier et al. [58], an array of localized spins can un-
dergo a ferromagnetic phase transition induced by light. This ordering is mediated
by photo-generated excitations of the host material. In this section, the Curie or crit-
ical temperature of an array of impurities in the presence of polaritons is determined
and compared to the case where only excitons exist. We assume the array in thermal
equilibrium and use the standard mean field approximation (MFA) — See Appendix D
for an overview of the procedure.

As seen in the previous section, there is a characteristic distance between impu-
rities R, that separates the exciton and polariton regimes. Let us assume that the
array of impurities form a square lattice with lattice constant d, embedded in a host
lattice (e.g. GaAs) of unit cell area a and N sites per unit cell; the concentration y
of impurities is related to those quantities by d? = a/(NYy).

For d > R, (low impurity concentration) the largest term in Equation 3.20 is the
polariton Ising interaction with coupling Dpy. In this limit it is valid to neglect the

Heisenberg term and write for the critical temperature

kKT, = —0102 90

ZDW ‘ :

The presence of the cavity prevents the T, to decrease rapidly, as it will happen

at this concentration in a bare semiconductor. To obtain the T, we notice that
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| d- D, dDp,/dR | < 1; thus, we can transform the sum into an integral, as
; 1>, 1,
D Dpl(R) — = | RDu(R) - — | RDu(R).
r 0 0

The calculation is carried out by adding and subtracting the integral in (0,d) and
using expression 3.18, for inverting in the first term the integration in R and k yields

a 0(k) and thus an analytical result:

1 [ L[~
0 0
_ % PR / &’k e Ip(k,0) — Ix(k,0)]
0
_ % d2k (/ dQReik'R> [[p(k,o) _IX(kao)]
0
1
= & | @k30)Ip(k,0) — Ix(k. 0)
) 1 1 re 1
= 0.0 = Ix(0.0] = 55y (wL —Q0 wr - ) |

where the integration in k is over a disc of radius k.. Due to the long range nature
of Dpy, the numerical evaluation of the integral of Dpy in (0,d) is easier than an

integral in (0, 00). The final expression for the critical temperature is

Ci (v3\*] 1 [ 1 /d )
T = 1[0 e D . 21
Wl a2 <5) erEa\d s+ —c) " )y TRy R)] - (321

The numerical result is shown in Figure 3.9.

For d < R. (high impurity concentration) the leading term in the Hamiltonian
Equation 3.20 is the Heisenberg interaction with constant Fg,. Therefore, any di-
rection of magnetization is equivalent, in contrast to the previous case where only
magnetization in the z-axis leads to ordering. We assume that a direction has been
singled out. The condition | d - F IgpldF rp/dR |< 1 is also satisfied, and a procedure

similar to that used for the case d > R, is used. Here, a complete analytical solution
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Figure 3.9: Critical temperature as a function of the coupling g, for d > R.. Parame-
ters: R. ~12a;, 6 = —0.15Ry*, p = 0.16Ry* and d = 30aj};.

is attainable:

h? 1 [>
KT, = —Clcg(go)—/ d*R Fr,(R)
4 a2 J,

B2 2\*1 1 1
-~ (2) =
4 ) d? (27T)2h Wy, — €

 h(hwue J oy d1s)” (12 1
- () Grama) (822

Figure 3.10 shows that coupling photons to excitons actually reduces T,, for constant

0. Notice that the increase of gy leads to an increase of ¢,.

We can compare our approach to the one by Ferndndez-Rossier et. al. [58] for the
critical temperature mediated by excitons, noting that both models are derived in
quite a different way. In ref. [58], the critical temperature reads

’wls(o)’292

. 2
kBTC X (Je Jh) CMn 453 5

(3.23)

where J; is the coupling between electrons or holes with the localized Mn whose

concentration is ¢yy,; 0 is the detuning; €2 is the Rabi energy; and 14 is the exciton
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Figure 3.10: Critical temperature as a function of the coupling gy for d < R.. Para-
meters: R. ~12a;, 6 = —0.15Ry*, p = 0.16Ry* and d = 30a};.

wave function for relative motion. Comparing Eq. 3.23 with Eq. 3.21 and Eq. 3.22 we
observe a complete analogy.

In conclusion, we have shown that the existence of the crossover length R, intro-
duces a strong dependence of the critical temperature on the impurity concentration.
In addition, the direction of preferred magnetization changes from isotropic in-plane
to an easy-axis in the z-direction.

If the case of deep impurities were treated, another source of anisotropy would be

found, arising from the Ising interaction that holes introduce.
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Chapter 4

Applications

The preceding chapters presented our theoretical formalism together with the study
of two particular systems: excitons in bulk and polaritons in micro-cavities. The goal
was to gain a better understanding of the physics of indirect interaction. Nevertheless,
the technological implications of our findings has not yet been discussed. This is the
subject of the current chapter. As anticipated in the Introduction we are particularly
interested in applications to quantum information; in Section 4.1 we give a very short
introduction of quantum computing (QC). In Section 4.2 we undertake the study of
a system where the indirect interaction is controlled with a light pulse that creates
excitons in a quantum dot. We demonstrate that it is possible to prepare an arbitrary
two-qubit state of the localized impurities near the QD. This is the building block
of QC algorithms. Furthermore, we show that the system is robust with respect to
errors. Section 4.3 and Section 4.4 give an account of the applications that may result
from our findings in the study of excitons in bulk semiconductor (Chapter 2) and

polaritons in micro-cavities (Chapter 3), respectively.
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4.1 Quantum computing

Quantum information brings together the main fields of physics, computer science,
and mathematics. [60] It encompasses quantum cryptography, quantum teleporta-
tion, and quantum computing (QC); the latter being possibly the most promising for
applications, and at the same time the most difficult to implement. As its name sug-
gests, quantum information relies on some peculiar features of quantum mechanics.
The most important one became clear after the EPR paradox: the entanglement. In
QC, the use of operations using entanglement and interference can lead to algorithms
that outperform by far those of classical computers (CC). So far, the number of al-
gorithms of this kind found is rather small. In spite of this, it shows that some hard
problems (computational complexity) for CC are tractable with a QC, for example

the factorization problem.

A quantum computer should include the following: i) qubits which are the logical
units for storing and performing operations; qubits are realized using two level sys-
tems, such as nuclear or electronic spin 1/2, atomic levels, etc. The two possible states
are designated by [0), |1). #i) A procedure to prepare the set of qubits to a given ini-
tial state, e.g. [0000....). 7i7) Control on the dynamics, using unitary transformations,
of both individual and groups of qubits. This control works as logical operations or
gates that are part of algorithms. iv) A procedure to measure the state of a set of
qubits after the set of operations — reading the output. It can be shown that only
four gates are required to construct any possible operation; this set of universal gates
consists of three one-qubit and one two-qubit operations. A possible set of universal

operations are the Hadamard, o,, R.(7w/4) and CNOT. These are

1 1 1 0 1 R /4) 1
N Or = 2\ T -
V2l 10 0 eim/4
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CNOT =

We are concerned with the physical realization of two-qubit operations in semi-
conductors. It is instructive to see how a CNOT gate can be implemented [59]:
CNOT = Rz(fl)(—7?/2)R£b)(—7?/2)R,(Za)(—7r/2)e”/4“§b>“§a) R{”(7/2), where the super in-
deces a, b stand for two distinct qubit. Therefore, we see that besides rotations of single
qubits, an operation involving two qubits is necessary. This operation is governed by
an Ising interaction. It is worth noting that there are other schemes that make use of
the Heisenberg interaction between two spins to realize two-qubit operations. This is

the connection between the previous chapters and QC.

The prescription given above does not acknowledge the existence of decoherence,
which affects any real system. Decoherence causes the system to evolve non-unitarily !,
away from the evolution of the desired operation. In QC, the errors introduced by de-
coherence destroy the operations. Fortunately, error correction codes (ECC) has been
developed, much alike those in CC. They allow to reconstruct the state of the system
in each step of the operation, making feasible the realization of QC. Therefore, any
realistic scheme should take into account the errors and the possibility of correcting

them via ECC. We deal with this issue in Section 4.2.

!Decoherence can be seen as the environment performing measurements on the system. Measure-
ments project the state of the system, and are represented by operators of the form |a){a|, which
are not unitary.
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4.2 Entanglement and errors in the control
of spins by optical coupling

Impurity spins embedded in semiconductors are currently under investigation for
quantum computing implementations. Recently, optical techniques have been pro-
posed to control the spin-spin coupling and realize two-qubit quantum gates. [6,7,
61-65] The optical method suggests the possibility of an ultrafast control of the
qubits. The flexibility in the control that can be obtained by pulse shaping [66] and
the absence of noisy contacts represent additional advantages. On the experimental
side, ensemble optical measurements have demonstrated the production of spin en-
tanglement for impurities embedded in a semiconductor host. [67] More recently, the
measurement, of the quantum state of a single impurity spin obtained by coupling
it to a single exciton in a QD has been experimentally carried out. [68] Here we
study theoretically the control of impurity spin states when the interaction among
them is controlled by optically-generated excitons in a QD. We analyze the control
errors due to the radiative recombination of the exciton that mediates the interac-
tion between the spins. Moreover, we illustrate how the control parameters can be
obtained directly from simple analytical expressions. The method is applied to design

the control parameters in the production of maximal spin entanglement.

4.2.1 The system

The physical system consists of two impurity spins placed close or inside a QD in
such a way that there is not a direct interaction between them. A schematic picture
is given in Figure 4.1. By coding the qubit in more than one spin efficient schemes
for fault-tolerant [69] and exchange-only [70] quantum computation can be naturally
applied to this setup. Dots of different size provide the frequency selectivity to address
specific spin pairs and realize two-qubit readouts. The model we use contains few

parameters describing the exciton-light and exciton-impurity coupling and can be
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Figure 4.1: Scheme of the system: localized spins located near self assembled QDs are
coupled by an exciton created by a laser pulse. Dots of different size provide selective
control and readout.

applied to different physical systems. For instance, it can be used for excitons localized
by monolayer fluctuation in III-V and II-VI quantum wells and interacting with a
finite number of localized impurities as in Ref. [67]. III-V or Si/Ge self-assembled
QDs can also be used as shown in Figure 4.1. For typical semiconductor systems we
can restrict the analysis to heavy-hole excitons due to the splitting between heavy-
hole and light-hole bands in the dot. The heavy-hole exciton spans a four dimensional
space consisting of two optically-active and two dark states. We treat the interaction
between the electromagnetic field and the excitons semiclassically, and we consider
spin states that interact only with the photoexcited electron in the dot. This is the case
for instance of donor impurity spins in typical semiconductors because the electron-
hole exchange is much smaller than the electron-electron exchange. Notice that by
using circularly polarized light the exciton induces, besides the spin-spin coupling,
also a local effective magnetic field on the spins as found in Chapter 2. [71] This
effective magnetic field can be controlled by the laser polarization and disappears for
linearly polarized light. We will consider below the case of circularly polarized light.

The exciton-spin part of the Hamiltonian (h = 1) is
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2
Hy=¢Y blba—2V Y > (Saar * 50)bbar . (4.1)

« n=1 aao’

where € is the energy of a single exciton in the dot, and b, is the creation operator of
an exciton with electron spin «. The spin-spin interaction of the impurity n with the
exciton is given by s, - Sp. @ =] represents an optically active exciton with electron
spin —1/2 and hole spin +3/2, while a =1 is a dark state exciton with electron spin
+1/2 and hole spin +3/2 (due to splitting of the degenerate valence band, we are able
to restrict our analysis to the heavy hole band with s, = £3/2 [1]). For each impurity,
the operator s, represents its spin degree of freedom. V' is the exchange interaction
between the impurity spins and the photoexcited electron in the dot. The strength
and the sign of V' depend on the system. For instance, this coupling is expected to be
ferromagnetic for electrons in the dot interacting with localized rare-earth magnetic
impuritites, while it is antiferromagnetic for a dot mediating the interaction between
shallow donors, see Chapter 2 and Ref. [63]. Without loss of generality, we will assume
V' > 0 below. Note that, since the exciton is well localized inside the QD, there is
no phase exp(—ikR) arising from the position of the impurity. Alternatively, this
can be understood recalling that the exciton in a QD is an 0D excitation with no
center-of-mass motion, and so k = 0. This fact allows us to use the formalism of
Schwinger bosons [76] to diagonalize the Hamiltonian Expression 4.1 in a basis of

coupled angular momentum, as follows. The transformation

N = blby+blp
1
Lo = 5(b]bi +0}by)
i
L, = 5(blb; —0biby)
1
5 (blbr = biby)
maps a set of two decoupled harmonic oscillators (in our case the optically active b,

and dark by excitons) onto a rotator with angular momentum L. The Hamiltonian
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can be rewritten as

Hy=eN -2V (J? -S> - %), (4.2)

where S is the total spin of the two impurities. The total angular momentum

The coupling of the excitons in the QD and the external laser field is given by
Q) .
H, — %e_“"tbj +he. (4.3)

where €)(¢) is the time-dependent Rabi energy associated with the optical pulses, and
w is the energy of the laser. We consider only anti-clockwise polarization (o) which
generates excitons with electron and hole spin states —1/2 and +3/2, respectively.
Excitons with hole spin —3/2 are not included in the model since they are not excited

by o, light and the impurity spins can only flip the spin of the photoexcited electron.

A scheme of the relevant energy levels is given in Figure 4.2. In the ground state
n = 0 (where n is the quantum number associated with the operator N) we have the
singlet and the triplet states corresponding to the two non-interacting impurities. In
the excited state n = 1, the electron in the dot splits the triplet states in a quadruplet
J = 3/2 and a doublet J = 1/2. The total Hilbert space is thus spanned by a total
of 12 states. The arrows in the scheme identify the selection rules for o, optical
transitions. The transitions have different oscillator strengths, which are calculated
using the Clebsch-Gordan coefficients. Notice that the light does not connect directly
states with different spin S. The structure of the energy levels provides a natural
readout scheme for the coded logical qubit |0.), |11) in the exchange-only scheme. [70]
An optical setup similar to the one for single spin readout [68] could be used: a single
peak at € corresponds to |0;) while two peaks separated by 6V correspond to the

logical state |1p).
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Figure 4.2: Energy level diagram and optical selection rules for o polarized light. In
n = 1, the total splitting is j = 6V.

4.2.2 Quantum control

In order to illustrate how to design the optical control we consider the production
of maximal spin entanglement. We choose the initial state | T]) ® |0) as the tensor
product of a linear superposition of impurity states {|.S), 7o)}, and the exciton |0)
representing an empty QD. We consider separately the case of infinite and finite v,
i.e. spontaneous radiative recombination lifetime for the exciton in the dot. Other
decoherence processes, such as pure dephasing due to elastic scattering with phonons,
are suppress in large QDs as experimentally shown by Bonadeo et. al. [72]. In the
first case we determine analitically the control parameters that provide maximal spin
entanglement. In the second case, we solve numerically the master equation for the
full system in Figure 4.2. This will allow us to analyze errors due both to the radiative
recombination and to the finite probability of remaining with an exciton in the dot
at the end of a pulse. The latter is an error similar to a double occupancy error in
the case of spins controlled by gate voltages [73]. Ideally, the QD must be empty at
the end of each optical pulse, and this can be achieved by an adiabatic evolution, or

by a nonadiabatic evolution plus additional conditions in the pulse area [74].
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Infinite radiative lifetime

In the following, we make extensive use of the concept of adiabatic evolution of the
system. We clarify this in the context of our model, which can be analyzed, in the
simplest situations, in terms of decoupled two or three level systems. Let us take the
situation, where only the singlet is excited. In the rotating frame (the perturbation still
retains the time dependency of the pulse envelope function), the energy of the levels is
renormalized by the frequency of the laser, giving rise to the detuning. If the perturba-
tion evolves slowly enough with respect to the energy difference between unperturbed
states (the detuning), i.e. dH/dt << 62, the state will evolve adiabatically. This means
that if the initial state is an instantaneous eigenvector of the unperturbed H — say
u,, — the evolution will only introduce a phase: ¥(z,t) = u,(z,t) exp(—i f(f E,dt").
We first study the ideal case of a nonadiabatic evolution at v = 0. We call nona-
diabatic the evolution that follows from a laser resonant with at least one transition
between the n = 0 and n = 1 subspaces in Figure 4.2. This implies that there is a
substantial exchange of energy between the electromagnetic field and the dot, which
in turn results in a significant population inversion during the pulse. Using a numeri-
cal simulation we illustrate in Figure 4.3 the evolution of the |S) and |Tj) populations

under a Gaussian pulse giving a Rabi energy of the form,

Q(t) = % e~ (4.4)

The pulse is resonant with the bare exciton energy, which in the scheme of Figure 4.2
corresponds to a resonant transition for the singlet state. In order to have no exci-
tonic population at the end of the pulse, we need the pulse area for the resonant
excitation to be multiple of 27, therefore €2 and 7 are chosen so that the pulse area

is Q7 = 87.2 Notice that the population of the ground state singlet |S) is completely

2This is readily seen in the case of a two level system {|0), |1)} with a square shape pulse
Hamiltonian connecting both states: Hy = Q(t)¢ with ¥ = (|0)(1| + |1)(0]). As [H(¢1), H;(t2)] =0
the evolution operator is U = exp(—i fot H;(t")dt") = exp(—iQ2rd) = cos(Q7) + ¢sin(Q7). If the
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depleted during the pulse but at the end comes back to the original population (0.5).
In contrast, the triplet (|75)) population follows an adiabatic evolution due to the ex-
change interaction affecting the optical resonance. In Figure 4.3 (inset) we show the
real and imaginary part of the coherence (S|p|Tp). In order to create the maximally
entangled state we need a 4+m/2 phase in this matrix element and the chosen optical
pulse achieves this goal. This relative phase transforms, for example, the state | T])
into 27Y/2(|S) +i|Ty)) o< | T1) + 4| |T). For a given value of the exchange coupling V'
and pulse width 7, the maximum intensity of the field Q in Eq. (4.4) is found from
the roots of the equation

or(QV,1)£7/2=0, (4.5)

where ¢ = [ A.(t) dt is the dynamic phase that the state |Tp) picks up following
the adiabatic evolution. Notice that since the pulse is a multiple of 27 the singlet will
only pick up a trivial phase (+1). A} is the eigenvalue satisfying A% (fo00) = 0 for a

3-level Hamiltonian representing the triplet states,

VTGRS0

Hy(t) = % \/gg(t) 20—25 0 : (4.6)
\/gQ(t) 0 26+ 3J

The optical detuning § = € — w, and j = 6V is the splitting in the excited state
between J = 3/2 and J = 1/2 states. If we assume that the three eigenvalues of the
matrix in Eq. 4.6 do not cross during the pulse evolution, the expression for A\%(¢)

can be written as

N (t) = é + gé + ? cos <%t)> ) (4.7)
where
6(t) = 2km + arccos (;}%) (4.8)

initial state is |0), then the only choice for the final state to return to |0) is Q7 = 27n. This also
can be shown to apply for pulses of arbitrary shape.
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Figure 4.3: Nonadiabatic control, v = 0. Evolution of the |S) (solid line) and |Tj)
(dotted line) populations under a Gaussian pulse of area 8. The temporal width of
the pulse 7 is 7.02 ps and the ratio Q/V is 0.6697. (Inset) Real (dotted line) and
imaginary (solid line) part of the coherence (S|p|Tp).

with

q(t) = /28524 126 + 3662 4 27Q2(t)

r(t) = 4(4j —30)(5j 4 30)(j 4 60) — 81(2j 4 30)Q2°(%)

If the exciton impurity coupling is ferromagnetic (j > 0), we have to take in Eq. (4.8)
k=1ford > j/3, k=2for —2j/3 <6 < j/3, and k = 3 for § < —25/3. In
contrast, for j < 0, we have to take in Eq. (4.8) k = 1 for § > —25/3, k = 2 for
1/3j < 0 < —2j/3, and k = 3 for § < j/3. The analytical expression in Eq. (4.7)
allows us to determine exactly the control parameters from the roots of Eq. (4.5) . In
the v = 0 adiabatic regime the laser pulse is tuned away from the optical resonances
between the n = 0 and n = 1 levels. An example of a simulation of an adiabatic control
is shown in Figure 4.4. The laser is tuned 2 meV below the bare excitonic energy and
1 meV below the triplet resonances corresponding to J = 3/2 in Figure 4.2. We plot
in Figure 4.4 the same quantities of Figure 4.3. Notice that in this case the pulse area
can be arbitrary, provided the adiabaticity is preserved. The change of phase in the

coherence (S|p|Tp) is now obtained with a smooth transition. The control parameters
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Figure 4.4: Adiabatic control, v = 0. The laser is tuned in 2 meV below the bare
excitonic energy. Evolution of the |S) (solid line) and |Tj) (dotted line) populations
under a Gaussian pulse. The temporal width of the pulse 7 is 10.2 ps and the ratio
2/V is 1.24. (Inset) Real (dotted line) and imaginary (solid line) part of the coherence

(S1plTo)-

in this adiabatic case are determined by the roots of
(V1) — ds(QQV,7)£7/2=0. (4.9)

In contrast to the case of Figure 4.3, the singlet now picks up a nontrivial dynamic

phase ¢g = [*° A%(t) dt where AY is the eigenvalue of the singlet Hamiltonian

Hs(t) = (4.10)

with the property A\%(+o0) = 0. As for Hr this has a simple analytical form A\ (¢) =
8+ 1./6024+Q2(t), (+ for § < 0 and — for § > 0 ) which can be used to determine

the control parameters from the roots of Eq. (4.9).

Finite radiative lifetime

In order to determine how this control scheme is affected by the finite lifetime of the

exciton in the dot we introduce a finite value for 7, and solve the master equation
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p = —i[H, p| + L[p] using the values of the control parameters corresponding to the
evolution of Figs. 4.3 and 4.4. L][p] is the Liouvillian superoperator that can be written
as L[p] = LTpL+1{L'L, p} where LT = /4 b| 3 accounts for the spontaneous radiative
recombination of the exciton in the dot. Once p is obtained, a 4 x 4 reduced density
matrix for the impurity spins pg is computed by tracing out the exciton degrees
of freedom. The entanglement in the Bell state is mostly sensitive to decoherence
processes and its analysis provides a good test for the scheme. We quantify the error
on the reduced density matrix pg using two different methods, the Purity and the
Peres criterion of separability. [75] According to the Peres criterion a state is entangled
ifft E,m < 0, where E,,;, is the minimum eigenvalue of a matrix constructed by
transposing the non-diagonal 2 x 2 blocks of pg. A maximally entangled state has
a FEnin = —1/2. The deviation from that value gives a measure of the effect of the
radiative recombination on the entanglement and we quantify the entanglement error
as AE = En + 1/2. The purity of pg is a different parameter that characterizes
the error in the spins states due to their entanglement with the exciton in the dot.
We quantify this error as AP = Trp% — 1. In principle there are errors that can
disentangle the spin states without a change in the purity, for instance by affecting
the phase picked up in Eq. (4.9). Therefore, in principle the errors induced by ~
affect independently AF and AP. Next, we study the dependence of the errors in the
Entanglement AE (upper) and in the Purity AP on « alone. We remind that both
) and v depend on the dipole moment of the exciton in the dot. Therefore, a change
in v at constant {2 may be realized by compensating with a change in the intensity of
the external laser field. This allows us to study how v affects the errors with all the
other parameters kept constant. Figure 4.5 shows the results for the adiabatic and
nonadiabatic evolution. Both errors increase linearly at small v. However, the errors

in the adiabatic case are always smaller than in the nonadiabatic case in the range of

3There are two harmonic oscillators for the excitation in the QD, i.e. by and b|, but only the
latter can couple to the continuum of electromagnetic radiation. Also, the assumption is that the
temperature equals zero.
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Figure 4.5: Log-Log plot of the deviation from maximal entanglement (upper panel)
and maximal purity (lower panel) as a function of the radiative recombination v (in
meV). Solid line: adiabatic evolution. Dashed line: nonadiabatic evolution.
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parameters we have investigated. We remark that, due to the incommensurability of
the eigenvalues of Hg and Hr, there are not special conditions that would give perfect
entanglement with square pulses as in the case of a direct spin-spin coupling. [74]
An important figure of merit for the application of this quantum control technique
to quantum computation is provided by the error per gate parameter. This has to
be below a threshold value in order to make scalable quantum computing possible.
The estimate for such a threshold depends on assumptions on the error model and
device capabilities but the 10~* value [80] is usually used as a benchmark in typical
experimental implementations. The error in the entanglement production gives an
estimation of the error per gate since the quantum operation done corresponds to a
V'SW AP modulo some single qubit operations. We see in Figure 4.5 that the 10~*
threshold can be achieved for v smaller than 1ueV . Self assembled QDs have typically
a ground state exciton lifetime of the order of one or more nanoseconds and would

reasonably be in this region of parameters.

4.2.3 Conclusions

We have analyzed the entanglement production between two spin-impurities induced
by an exciton in a neighboring quantum dot. In the case of v = 0, the parameters for
the quantum control can be analytically determined from the roots of simple integral
equations. We showed that the finite lifetime v~ of the exciton in the dot can affect
the purity of the spin states and introduces errors in the entanglement production.
In addition we found that such errors increase linearly with v and can be kept below
the 10~* threshold for error correction if parameters typical of self assembled QDs

are used in the simulation.

83



4.3 The indirect interaction mediated

by excitons

The optical control of the spin of electrons localized in quantum dots or impurities has
several advantages with respect to approaches where electrodes are needed. Ultrafast
lasers are available, promising the realization of quantum gates in time scales that are
hard to achieve with an electrical control. Lasers are also very flexible for quantum
control since pulse shaping can be used to increase accuracy and speed. [50] Finally,
metallic electrodes necessarily add a source of noise for the quantum system, and
they are not needed in an optical scheme. The possibility of changing the sign of the
spin-spin interaction can add flexibility to many control schemes for the qubits, like
e.g. in the exchange-only scheme. [77] We have seen that resonances in the spin-spin
coupling induced by the binding of the excitons can increase the magnitude of the
interaction for distances that are reasonable from a nano-fabrication point of view.
This will imply that lasers with lower intensities can be employed in the control. The
polarization of the light represents an additional control parameter that can be used
to selectively address qubits with an optically induced magnetic field. This is also
an advantage from a practical point of view since it could simplify the experimental

setup by eliminating the need of an external magnetic field.

Although the feasibility of single impurity spectroscopy in semiconductors has
been proven [86,87], little attention has been paid to optical properties of impurity-
bound excitons for information storage and processing. Impurities deserve at least the
same attention as quantum dots for such applications. Their homogeneous character
and the variety of properties that one can obtain combining different hosts and ions are
indeed special advantages. An exciton bound to an impurity has optical properties
very similar to an exciton trapped in a shallow quantum dot. Most of the ideas
involving excitons in quantum dots as a main ingredient for quantum information

and communication can be reformulated for excitons bound to impurities. We have

84



provided only two examples here, but our phenomenological theory, being based on
inputs from the experiments, is very flexible and many other combinations of host and
ions can be used to explore a large range of confinement energy and different optical
properties. We also have seen that the spin-spin coupling has a resonant behavior at
frequencies depending on the separation between the impurities. By organizing the
impurities in chains with different separation this can be used to selectively address

a single pair of impurities and it allows for scalability.

A very special case is represented by impurities in silicon. This material has ob-
vious technological advantages and many proposals for using impurities in Si for
quantum computing have been suggested. [88-90] In particular, the optical control
of electronic spins localized by deep donors in Si using a control impurity has been
proposed. [61] In the scheme we are suggesting here, the exciton bound to the impu-
rity plays the role of the control impurity and it takes advantage of the host material
for mediating the interaction. Even if Si is an indirect gap material, there is a finite
optical coupling to the exciton bound to the impurity due to symmetry breaking. Ad-
ditional complications in the use of excitons bound to donors for mediating spin-spin

coupling arise from the valley degeneracy in Si. [91]

Excitons bound to rare earth magnetic ions can be controlled very rapidly and effi-
ciently due to their strong dipole moment. Their dipole moment is mainly determined
by the optical properties of the host material, since it involves the creation of electron
hole pairs across the semiconductor gap. At the same time, they interact with the
internal degrees of freedom in the core f states. Schemes involving excitons bound to
rare earth impurities in III-V materials bring in the advantages of the optical prop-
erties of the host and the stability of the internal degrees of freedom of the f orbitals
in the rare earth ion where the qubit is stored. This hybrid system is thus extremely

powerful, providing both reliable storage and fast processing of information.

Finally, the light controlled spin-spin coupling in a semiconductor matrix is also

appealing for the coherent control of macroscopic properties of materials. This was the
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idea behind the coherently induced ferromagnetism in Ref. [92]. There, a finite crit-
ical temperature for a paramagnetic to ferromagnetic transition in diluted magnetic
semiconductors was found when the material is coupled to a strong laser field. The
results presented here suggest that the presence of bound states could enhance the
effect. Also, the same idea could be used in other systems where the light can induce
antiferromagnetic or glassy phases starting from a paramagnetic system. This repre-
sents a unique opportunity to study phase transitions in a solid where the coupling
is controlled by an external field and may lead to a new class of controlled materials

to be investigated.

4.4 The indirect interaction mediated
by polaritons

Proposals for quantum computers based on spin degrees of freedom require that in-
dividual qubits are placed close enough so to have a significant exchange interaction
between them. This exchange interaction can be direct (i.e. induced by a controlled
overlap of the wavefunctions) or indirect when mediated by spin excitations in a 2D
electron gas [78] or by optical excitation across the semiconductor bandgap [6,7,79].
In the indirect schemes, the range of the spin coupling is related to the mass of the
mediating particles, and the coupling decreases exponentially as a function of the
distance between the spins. Here, we showed that the small polariton mass gives an
extremely long range for the spin coupling and introduces a non-exponential behavior.
This implies that spin-qubits can be located several hundreds of nanometers apart
while still retaining control on pair interaction through the use of polaritons. The
long range nature of the polariton-mediated interaction presents important techno-
logical advantages for quantum information implementations. Using our parameters
(see Fig. 2.2), we predict that the strength of the interaction is |J.ss| >~ 0.005 Ry* for

impurities separated by distances of the order of R, = 12a; ~ 150 nm. An estimate
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for the time needed for an operation can be given as T' = 7/(2|J.sf|) =~ 40 ps, which
is much smaller than the typical dephasing time for impurity spin qubits. Recent
measurements have reported a spin relaxation time of the order of us for donors in
GaAs [81]. To our knowledge, the spin decoherence time (73) of a single donor in
GaAs has not been measured, but is also expected to be in the us range. The decay
time for polaritons is reported to be in the range of nanoseconds [82]. Moreover, notice
that the time needed for a quantum operation does not change considerably when
we further increase the qubit separation. Even with an inter-qubit separation of 1
micron the time needed for one operation increases only by one order of magnitude to
about 400 ps, and is still reasonably smaller than the decoherence time. With such a
long range interaction, the realization of electric gates to control one-qubit operations
and the use of localized magnetic field becomes feasible. The Ising-like interaction at
long separation is not a limitation for quantum gate implementations. The polariton
mediated coupling could be also used to control the nuclear spin of the donor in a
scheme similar to the one in Ref. [78]. In contrast to other cavity QED-based quan-
tum computing implementations [15], the scheme discussed here does not require 0D
confined electromagnetic modes, which is much harder to achieve experimentally. In
a planar cavity the lateral dimension is not limited by the optical wavelength, which

provides a fully scalable geometry for the qubit.
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Conclusions

[ would like to start these concluding remarks by recalling what we have proposed and
done through this dissertation. Our main aim was to achieve a better understanding
of the optically-induced spin indirect interaction in semiconductor structures under
different conditions. Before turning to the actual physical systems, we developed a
formalism that enables us to address a variety of problems in this topic. In Chapter 2
we put this formalism to the test, and learned more about spin indirect interactions
of impurities in a bulk semiconductor. Next, in Chapter 3, we sought to determine
the effect on the indirect interaction of a micro-cavity. Finally, Chapter 4 presented

some possible applications of the theory previously developed.

Outlined in Chapter 1, the formalism we derived is meant to address problems in
optically excited semiconductors. More precisely, we found a suitable tool to describe
a system of optically generated quasi-particles obeying boson statistics that interact
with spins localized in the host lattice. The goal was to derive an expression for
the interaction between two localized spins, where the degrees of freedom of the
quasi-particle responsible for the indirect interaction are traced out. The formalism
is applicable to many situations: bulk semiconductors, quantum wells, quantum dots,
micro-cavities, etc. The quasi-particle may be an exciton, polariton, and possibly

others. We used the model to study some of them.

In Chapter 2 we employed our model to study the case of a doped bulk semicon-
ductor. We derived an analytical solution to all orders in the interaction between

excitons and localized spins. As a consequence, we found that the quasi-particle
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binds to pairs of impurities; moreover, the indirect interaction can be made ferro-
or antiferro-magnetic. The results are useful to describe doped systems containing
impurities with spin 1/2. A question that remains open is if it is possible to general-

ize the non-perturbative analysis to systems with spin angular momentum S # 1/2.

In Chapter 3 we focused on the indirect interaction that polaritons mediate be-
tween impurities localized in a micro-cavity quantum well. The interesting findings
are the existence of two different regimes, and the long-range nature of the polari-
ton interaction. The first one shows that the spin-dependent interaction changes form
when the separation between impurities is larger than a certain value. One of the con-
sequences of it is that the critical temperature of a large number of impurities may
be made larger than with the use of excitons. Also, the ordering of impurity spins in
the ferromagnetic case is different in each regime. The long-range nature of the po-
lariton mediated indirect interaction now opens possibilities for quantum computing
two-qubit operations. There are many interesting future lines of investigation. A spin
coupling can also be obtained by a real polariton population in a scheme analogue to
the RKKY [9] spin coupling mechanism. The spin interaction induced by a 0D cavity
and excitons in quantum dots has been recently investigated [83], and also in this 0D
case the presence of a strong coupling generates anisotropies in the spin interaction.
The use of real carriers is not appealing for quantum computing implementation since
it adds decoherence to the spin-qubit. However, it would be interesting to explore the
dynamics of spin in the presence of a dense polaritons population that condense in
a phase coherent state, as observed recently in II-VI microcavities [84]. High-quality
micro-cavities embedding Mn-doped magnetic quantum wells in the strong coupling
regime have recently been realized [85]. The polariton mediated spin coupling could
be explored in these systems as a method for the ultrafast control of the quantum

well magnetization.

Chapter 4 dealt with a more detailed analysis of the applicability of our ideas. We

started by modeling a system of impurities and QDs embedded in a QW. The indirect
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interaction is here mediated by excitons in the QD. We studied the feasibility of two-
qubit operations using this system, including two important realistic assumptions not
explicitly considered in Chapters 2-3, namely: i) The optical excitation is achieved
by a laser pulse, and i) there is decoherence in the form of spontaneous radiation
recombination of the exciton. This chapter also discusses some possible applications
of the results obtained in Chapters 2-3.

To date, we are not aware of experiments that test our findings. We hope that
this work will motivate experimental groups interested in fundamental questions as
well as applications to quantum computing to perform experiments following the lines

presented here.
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Appendix A

Exchange integrals

In this appendix, we show how to calculate an exchange integral in 2D, which appears

in the Hamiltonian for the interaction between localized spin and exciton:

62

V= /drhdredrl U (re, ) (1)) (r,rp)o(re) (A.1)

—— Uy,
50\1'6 - rz\

with the functions

e_ik'(ﬁere+/8hrh) \/2 1 €_|re—rh‘/)‘
™A

€7|r7R|/aB

»—\é"H

p(r) = —@

for the exciton and localized state respectively, with ; = m;/(m. + my). Replacing

the functions above

vV — C / ey dr.dey K- Gerettim) o lre—ril/A e—\rz—RVaB’ 1 %
re — Iy

e~k (Beri+0prn) o—[t1—rpl/A o—[re—R|/ap

with C' = 2¢?/(7m2AN?a%e;). Next we transform to relative coordinates s = r, — 1y,

and t = r; — ry, with Jacobian equal to 1. Our new set of coordinate is {r.,s,t}.
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Then,

V = C / dr, ds dt ¢/ 10eretn(ra=s)] =s/A o=(t=s+re) - Ri/as| : i
S_
e~k [Be(t—s+re)+Bn(re—s)] ,—t/X ,—~[re—R|/agp
- C/ dr, ds dt ¢ (ze=5n%) g=s/A l(t=sre) RwBLt| X
S J—

e—ik-(re—s-i-ﬁet) e—t/A e—|re—R|/aB

)

where we have used that g, + 3, = 1. Now we replace exponentials by Gaussians, a

common procedure in quantum chemistry: [19]

elt=stre)—Rljap [ M —af(t-stre)-R)?
™
e—lreRljap  _,  [M —ai(re—R)?

™
0% 2

et “2 a2t
s
(0% 2

6—5/)\ _ “2 eo2s
s

with the constants «; chosen so as to fit the exponentials. The integral reads

! X
£

V = Ca1a2/dredsdt ¢! —K) Te o —iBnk’s —ik:(Bet—s)
2

—ass? —ay [(t—s)—i—(re—R)}2

_ _ 2
e e e ai(re—R)

Y

— o t2
a2t o

and multiplying by expli(k’ — k)R] and c.c., collecting factors of (r. — R) and com-

pleting squares,

V = C—OQOQ ei(k/_k).R/dre ds dt e "nk's e_ik'(ﬂet_s)—l X
2 [t — s
2

2
—a2 s
(&

e 6—2a1[u+(re—R)]2 620¢1u —ag t?
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with u = 1/2[(t — s) — i(k' — k)/(2a1)], and the integration in r. can be performed,

defining v = re + (R 4+ u)

dU 672011112 — i
2041 ’

and so

Qi [T i i(k'—k)'R _igks —ik(Bet—s) L
V = C — e dsdt e "% e etTs)

5 X

s 2 It — s
cans? BT i (6—s) au ft—s|?/2 —as 2
e "M% e 8o g et e

3/2 ’ 2
100y T N ) . e iA L 1
= C ) 0 ez(k k) RG Sap ds dt ez(ﬁhk +k)s€ ifekt %
T 2 It — s

i _ g2 _ 2, .2
e i (kK'—k)(t s)eal\t s| /26 ag (t2+s%) )

We define new variables x =t+sandz=t —s

3/2 .
V = Ca1a2 T ei(k/_k)'Ref‘kg‘llj2 /dXdz i Ok +1) [(x=2)/2]
2 2

ik [(t2)/2] 1 i (¢ -K0-2

~aila?/2 p-a2 [(*+2)/2]
2|

e e

We can complete squares in x and follow the same procedure as before, to obtain

Qe r \*? 27\ ., 12 / 2
vV = C ; (_> (_> K —k) R —|k'—k|*/(8 1) —[Bnk'+(1-Be)k]?/(8az) o

T 2y Q9
/ dz ei(ﬁhk’+k)-z/2ei,@ek-z/Qﬁei (k’fk)-zef(oz1+a2)|z|2/2 ’
z
The use of 8, =1 — 3, yields
V = Cr(ogas) V? 60 Re-KKP/(S01) o=Oull/+k*/(8a2) 5

)

/ dz ei(ﬂhk’+k)-z/2eiﬁek-z/2ﬁ et (k’fk)-zef(a1+a2)|z|2/2
V4
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and using the definition: K = 1/2(k’ + k) and ¢ =k’ — k

V = C’7r(041042)_1/2 iR, —a*/(Ban) ,—BrK?/(202) o

/ Iz ei(ﬁhK—q»zﬁ —(oatar)lz?2
VA

Evaluating the expression in polar coordinates, we arrive at

V = CT((O{IQQ)_I/Q @iq'Re_QQ/(SOq) e_ﬁth/(2a2) %

2275 _IomK—al (0 |ﬁhK—q|2)

e 4(aptaz) |
4 (a1 + aw)

Va1 + o
. 2 \/571'% 2 2
= 9 O(qan) Y2 e~ /(Ba1) —FrK?/(2a2)
( ! 2) aq + (6]

o (o, 2y
4 (041 + ag)

X

where [ is the modified Bessel function.
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Appendix B

The matrix Representation

of the T operator

ASB

AR A

Using the basis set |s s.) we obtain for the spin products s - s, s

the matrices

0 0 0 0 0 0 0
0 -3+ 0 0 1 0 0 0
0o 0 3 0 0 0 0 0
00 0 -2 o0 o0 1 0
Al g — 4 2
0 £ 0 0 -3 0 0 0
00 0 0 0 3 0 0
00 0 4 0 0-10
o0 0 0 0 0 0 i
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(L 0 0 00 0 0 o0
0 -3 4 00 0 0 0
0 3 -2 00 0 0 0
B, |00 0 Lo 0 0 0 (B.23)
00 0 03 0 0 0
00 0 00 -1 1 0
00 0 00 & —10
o0 0 00 0 0 3
(10 0 0 0 0 0 0
0+ 0 0 0 0 00
00 -1 0 5 0 00
g |00 EREE | (B.3a)
00 & 0 -3 0 00
00 o0 L 0o -2oo
00 0 0 0 0 1o
00 0 0 0 0 0 i

By substituting these expressions in T4 and T# and then in Eq. (2.19), we obtain

after matrix inversions and multiplications an expression for

T =(1—FArArB) Y41 4+ FrYP) + (A= B) .
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The traceless part of this matrix is

(5420 o g

- 0o 0 0 0
—2a a o
0 &2 ¢ 0o 2 0 0 0
a 8 B
o g ¢ 5 0 o0 0
0 o o -2 o £ 2 9
4 2 2 ’ (B.4)
0 e 8 0 -2 0 0 0
o o o 2 -8 ¢ 9
o 0 0 ¢ o f2a g
0o 0 o0 0 0 0 0 22

where o and 3 can be conveniently expressed as a function of the single impurity 77

and T operators in Eqgs. (2.13) or Egs. (2.31) as

_ 2T —T°)(T"Fr+1) .
@ = (TTFR — 1)[FR(TS —TT 4+ 2FRTTTS) _ 2] ( . a)

B (TT — T5)Fy
P = O FTT — TS 1 2Rl T — ) (B-5b)

where we have dropped the {A,B} index since we are considering two identical centers.

Notice that the matrix in Eq. (B.4) can be rewritten as

a(s? +s%) s+ st - 5P (B.6)

99






Appendix C

Units and Physical constants

C.1 (Exciton) Rydberg units

In analogy to the Atomic Rydberg system of units, 1s state of a Wannier exciton units
are sought. The starting point consists in choosing i = 2m = ¢2/2 = 1 The energy
and wave function of the 1s state follows that of the hydrogen atom, with the proper

reduced mass and re-scaled by the dielectric constant € of the medium.

et

Ryt = —F

Y 2e2h?
. eh?
ay = —s
B ILL€2 )

where g is the reduced mass of the electron hole system (not to be confused with
the mass m = (m, + my)/2 related to the center of mass motion appearing in the
dispersion law for excitons in Chapters 1, 2, 3). Any other unit may be obtained from

the previous relationships. As examples, we show the units of time and speed

) h
2
e
* t* — .
b/t 2eh’
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from here, we obtain the speed of light in a medium of index of refraction n,

* * c[ST
clap/ti] = #3

C.1.1 Mn in CdTe

We use the values of the binding energy and Bohr radius of an exciton in bulk CdTe,

ay = 65A

Constant \ \ Value ‘
Plank constant h 1
Electric Charge e 1
Mass of exciton m 0.36 m,
Impurity separation R | (0.4,8) a}
Strength of hole interaction ¢ -5
Exciton k = 0 energy he 300 Ry*
Exciton-impurity exchange interaction range | hA 0.01 a}
Exchange coupling exciton-impurity J | 107" Ry*a3

Table C.1: Approximate values for the physical constants in excitonic Rydberg units
for Mn deep impurities in CdTe QW.

C.1.2 Siin GaAs

We use the values of the binding energy and Bohr radius of an exciton in bulk GaAs,

ay = 1254

Ry* = 4.4meV .
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Constant \ \ Value ‘

Plank constant h 1
Boltzmann constant k 0.02 Ry*/K
Electric Charge e 1
Speed of light he/n 1300 Ry*ay
Index of refraction n 3
Mass of exciton m 0.28 m,
Coupling exciton-cavity at k = 0 hgo 0.4 Ry*
Impurity separation R > 0.5a%
Strength of hole interaction ¢ 0
Exciton-cavity detunning hA -0.1 Ry*
Exciton k = 0 energy he 300 Ry*
Extracavity energy hwr, —Ry*
Exciton-impurity exchange interaction range hA 0.25 aj
Polariton-Extracavity detunning hd = wp — -0.3 Ry*
Rabi energy hg —Ry*
Exchange coupling exciton-impurity J 21 Ry* a3}

Table C.2: Approximate values for the physical constants in excitonic Rydberg units.

To calculate the factors that appear in the expressions for J.;; we use,

U():l

les = —— ~038.
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Appendix D

Mean field approximation

First it is worth mentioning that it should always be a mechanism that singles out a
direction along which the spins aligns prior to the ordering. This could be the linear
term in J that contributes an effective magnetic field (as shown in Chapter 2) or an
external magnetic field, etc. For example, the spins become aligned at 1" > T, by this
“external” agent, the temperature is then lowered below T.; if the system is irradiated
by the laser field, and the external agent is eliminated, the spins will remain aligned

as a consequence of ferromagnetic interactions.

To illustrate the procedure, suppose the dynamics is governed by a spin Hamil-
tonian that contains only one type of interaction, say Heisenberg: A" ik Fj.s? - s*.
As said before, there is a preferred direction; take this in the z-axis. Single out an
impurity k, and assume that its neighbors have mean magnetization (spin) m. The

projected Hamiltonian for one impurity k reads

AZng PR LN Am(ZFJk) 55.
J J
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The thermodynamics follows from the partition function

a =FAm (ZF3k> ,

using eigenstates of {s,s,} and the fact that the localized states are s = 1/2,

7 = 2cosh (hg) .

The magnetization is given by

1
m = ETr[s];e_o‘S’;]

0
h

_ D (e
= ZSll’l 9 .

For the case a < 0 ', and defining a positive constant v = 7/2 3 A| 37, Fji|, a tran-

scendental equation for m is found

m = gtanh(vm).

When this equation has more than the trivial m = 0 solution, there is ordering in
the system (macroscopic magnetization). The temperature for which these nonzero
solutions appear is the Curie T, temperature; this occurs when the tanh has slope

equal to 2/h at the origin: 1 = hy/2sech®(0) = hy/2,

AR?
4

kKT, =

> Fi
J

!The range of physical parameters used for Fr, are such that this functions is negative for all
values of its argument. Fr, > 0 always.
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Appendix E

Separable potentials

Following Mott [36] consider the case of the scattering of two identical particles, one

localized and restricted to one orbital ¢ and the other an unbound state M

() = %wmww = 3(r) M (r)] (E1)

The complete time independent schrodinger equation can be reduced to an equa-
tion for the wave function M (r,) describing the unbound state. Applying the total
Hamiltonian for the system to the wave function Eq. E.1, multiplying by ¢(r;) and

integrating in r, reduces the equation to
(V2 + EHM(ry) = U(ry)M(r,) £ /K(ru,rl)M(rl)dm (E.2)

K(rw Tl) = ¢(TU)¢*<TZ)U€2 + A2 + U(”» Tu)] )
where A2 and k? are the energies of the localized and unbound state respectively;
U(z,y) and U(z) are the complete and integrated Coulomb interactions, respectively.

We are only interested in the exchange part of the interaction, thus we consider the
second term on the r.h.s. of Eq. E.2. It is important to notice that this term enters the

equation in the form of a non-local potential. Moreover, because it is formed by the

107



product of well localized state functions ¢’s it is short-range. This last fact allows us
to replace K (r,,r;) by a separable kernel.! On the other hand, the integral of K (r,,r;)
weighted with the product M*(r,)M(r;) is an exchange integral, say L(k,k"). This
is in complete analogy with our case of excitons and localized states, where the role
of M is played by the exciton wave functions and the exchange integral J(k, k') is
calculated exactly as L(k, k). Therefore, if K(r,,r;) is separable in (k, k'), so is the
corresponding exchange integral.

Following the preceding arguments, we assume that the exchange integral Jj i
can be well approximated by a separable potential, i.e. Jy i = Jugvp, where v(k) is
a function only on k = |k|, and J is a constant.

Finally, we note that a non-local separable potential can support a finite number
of bound states. We are particularly interested in the case of a rank I potential. In

this situation, the schrodinger equation reads,

V() — () / 82! (' Yp(a) = ep(z)

After some algebra, we arrive to the following condition that ¢ must satisfy,

1 3 |U(Q>’2
= (2W)3/dqq2—8 '

Given that the r.h.s. is a monotonic function of €, and that bounds states occur only

for negative energies, it is clear that only one bound state can occur. [93]

"When the potential is rotationally invariant, it can be written in terms of partial waves.

108



Bibliography

[1] G. Bastard, Wave Mechanics Applied to Semiconductor Heterostructures, Haltesd
Press (1988).

2] Y. Alhassid Rev. Mod. Phys., 72, 895 (2000).
[3] S. M. Reimann M. Manninen, Rev. Mod. Phys., 74, 1283 (2002).

[4] G. Khitrova, H. M. Gibbs, F. Jahnke, M. Kira, and S. W. Koch, Rev. Mod. Phys.
71, 1591 (1999).

[5] H. Haug, Stephan W. Koch and S. W. Koch, Quantum theory of the optical and
electronic properties of semiconductors, World Scientific Publishing Company.

[6] C. Piermarocchi, Pochung Chen, and L. J. Sham, Phys. Rev. Lett. 89, 167402
(2002).

[7] C. Piermarocchi and G. F. Quinteiro, Phys. Rev. B 70, 235210 (2004).

[8] G. F. Quinteiro and C. Piermarocchi, Phys. Rev. B 72, 045334 (2005).

9] M. A. Ruderman and C. Kittel Phys. Rev. 96, 99 (1954).

[10] C. Kittel, J. Appl. Phys. 39, 637 (1968).

[11] P. Chen, C. Piermarocchi, and L. J. Sham, Phys. Rev. Lett. 87, 067401 (2001).
[12] R. P. Feynman, Int. J. Theor. Phys. 21 46788 (1982).

[13] A. Steane, Rep. Prog. Phys. 61 (1998) 117173.

[14] A. Galindo* and M. A. Martin-Delgado, Rev. Mod. Phys., Vol. 74, No. 2 (2002).

[15] A. Imamoglu, D. D. Awschalom, G. Burkard, D. P. DiVincenzo, D. Loss, M.
Sherwin and A. Small Phys. Rev. Lett. 83 4204 (1999).

[16] R. de Sousa and S. Das Sarma, Phys. Rev. B 67, 033301 (2003).

[17] L. C. L. Hollenberg, A. S. Dzurak, C. Wellard, A. R. Hamilton, D. J. Reilly, G.
J. Milburn and R. G. Clark,Phys. Rev. B 69, 113301 (2004).

[18] N.W. Ashcroft and N. Mermin, Solid State Physics, Sanders College Publishing
(1976).

109



[19] A. Szabo and N. S. Ostlund, Modern Quantum Chemistry: Introduction to ad-
vance electronic structure theory, McMillan Publishing Co., Inc.

[20] J. M. Ziman, Principles of the Theory of Solids Cambridge University PRess
(1972).

[21] Peter Y. Yu, Manuel Cardona, Fundamentals of Semiconductors: Physics and
Materials Properties Springer-Verlag (1996).

[22] D. L. Dexter and R. S. Knox, Fzcitons, John Wilew & Sons, Inc (1965) / R. S.
Knox, Theory of excitons, Academic Press (1963).

23] G. H. Wannier. Phys. Rev. 52, 191 (1937)

[24] J. Frenkel. Phys. Rev. 37, 1276 (1931)

25] R. S. Knox and N. Inchauspé Phys. Rev. 116, 1062 (1959)

[26] P. Nozieres and D. Pines Phys. Rev. 109, 1062 (1958)

27] The quantum theory of light, R. Loudon, Oxford University Press, 1983.

(28] Elements of quantum optics, Pierre Meystre, Murray Sargent III, Springer-
Verlag, 1990.

[29] Claude Cohen-Tannoudji, Jacques Dupont-Roc, Gilbert Grynberg, AtomPhoton
Interactions: Basic Processes and Applications Wiley-Interscience (1992).

[30] C. Ciuti, V. Savona, C. Piermarocchi, and A. Quattropani Phys. Rev. B 58
(1998).

[31] S. D. Drell and L. Verlet, Phys. Rev. 99, 849 (1955).

[32] M. A. Ruderman and C. Kittel, Phys. Rev. 96, 99 (1954); T. Kasuya, Prog.
Theor. Phys. 16, 45 (1956); K. Yoshida, Phys. Rev. 106, 893 (1957).

[33] N. F. Ramsey, Phys. Rev. 91, 303 (1953).
[34] N. Bloembergen and T. J. Rowland, Phys. Rev. 97 1679 (1955).
[35] G. Vertogen and W. J. Caspers, Z. Phys. 198 37 (1967).

[36] N. F. Mott and H. S. W Massey, The Theory of Atomic Collisions., Oxford
University Press (1965).

[37] P. W. Anderson, Solid State Physics 14, 99 (1963).
[38] Y. Yamaguchi, Phys. Rev. 95, 1628 (1954).
[39] L. H. Schick, Rev. Mod. Phys. 33 608 (1961).

[40] M. Combescot and O. Betbeder-Matibet, arXiv:cond-mat/0404744 (2004)

110



[41] A. Taguchi, H. Nakagome and K. Takahei, J. Appl. Phys. 68, 3390 (1990).

[42] P. J. Dean and D. C. Herbert, Bound Excitons in Semiconductors in it Excitons
Ed. by K. Cho, Springer-Verlag (1979).

[43] V.F. Masterov and L. F. Zakharenkov, Sov. Phys. Semicond. 24 383 (1990).

[44] G. Aszodi, J. Weber, Ch. Uihlein, L. Pu-lin, H. Ennen, U. Kaufmann, J. Schnei-
der, and J. Windscheif, Phys. Rev. B 31 7767 (1985).

[45] P. S. Whitney, K. Uwai, H. Nakagome and K. Takahei, App. Phys. Lett. 53 2074
(1988).

[46] B. Lambert, A. Le Corre, Y. Toudic, C. Lhomer, G. Grandpierre, and M.
Gauneau, J. Phys. Condens. Matter 2 479 (1990); A. Kozanecki and A. Szcer-
bakow, App. Phys. Lett. 66 3630 (1995); M. A. J. Klik, T. Gregorkiewicz, 1. V.
Bradley, and J-P. R. Wells, Phys. Rev. Lett. 89 227401 (2002).

[47] A. Baldereschi and J.J. Hopfield, Phys. Rev. Lett 28 171 (1972).

[48] W. Nolting and A. M. Olés, Phys. Rev. B 22, 6184 (1980).

[49] J.K. Furdyna, J. Appl. Phys. 64, R29 (1988).

[50] P. Chen, C. Piermarocchi, and L.J. Sham, Phys. Rev. Lett. 87, 67401 (2001).

[51] T. V. Shahbazyan, I. E. Perakis, and M. E. Raikh, Phys. Rev. Lett. 84, 5896
(2000).

[52] G.Cassabois, A. L. C. Triques, F. Bogani, C. Delalande, Ph. Roussignol, and C.
Piermarocchi, Phys. Rev. B 61, 1696 (2000).

[53] V. Savona, C. Piermarocchi, A. Quattropani, F. Tassone, P. Schwendimann Phys.
Rev. Lett. 78, 4470 (1997).

[54] V. Savona, C. Piermarocchi, A. Quattropani, P. Schwendimann, F. Tassone
Phase Transitions 68, 169 Part B (1999).

[55] J. J. Hopfield, Phys. Rev. 112, 1555 (1958).

[56] J.M. Bao, A.V. Bragas, J.K. Furdyna, and R. Merlin, Solid State Communica-
tions 127 (2003) 771775.

[57] J. J. Hopfield, Phys. Rev. 182, 945 (1969).

[58] J. Fernandez-Rossier, C. Piermarocchi P. Chen, A. H. Mac Donald and L. J.
Sham, Phys. Rev. Lett. 70, Vol. 93 12 (2004).

[59] N. A. Gershenfeld and I. L. Chuang, Science 275, 350 (1997).

[60] A. Steane Rep. Prog. Phys. 61 (1998) 117173.

111



[61] A. M. Stoneham, A. J. Fisher, and P. T. Greenland, J. Phys. Condens. Matter
15, 1447 (2003).

[62] R. Rodriquez, A. J. Fisher, P. T. Greenland, and A. M. Stoneham, J. Phys.
Condens. Matter 16, 2757 (2004).

[63] G. Ramon, Y. Lyanda-Geller, T. L. Reinecke and L. J. Sham, arXiv:cond-
mat /0412003 (2004)

[64] A. Nazir, B. W. Lovett, S. D. Barrett, T. P. Spiller, and G. A. D. Briggs, Phys.
Rev. Lett. 93, 150502 (2004).

[65] E. Pazy, E. Biolatti, T. Calarco, I. D’Amico, P. Zanardi, F. Rossi, and P. Zoller,
Europhys. Lett. 62, 175 (2003).

[66] P. Chen, C. Piermarocchi and L. J. Sham, Phys. Rev. Lett. 87, 067401 (2001).

[67] J. Bao, A. V. Bragas, J. K. Furdyna, and R. Merlin, Nature Mat. 2, 175 (2003);
J. Bao, A. V. Bragas, J. K. Furdyna, and R. Merlin, Solid State Commun. 127,
771 (2003); J. Bao, A. V. Bragas, J. K. Furdyna, and R. Merlin, arXiv:cond-
mat /0406672 (2004).

[68] L. Besombes, Y. Léger, L. Maingault, D. Ferrand, H. Mariette, and J. Cibert,
Phys. Rev. Lett. 93, 207403 (2004).

[69] D. Bacon, J. Kempe, D. A. Lidar, and K. B. Whaley, Phys. Rev. Lett. 85, 1758
(2000).

[70] D. P. Di Vincenzo, D. Bacon, J. Kempe, G. Burkard, and K. B. Whaley, Nature
408, 339 (2000).

[71] Combescot and O. Betbeder-Matibet, Solid State Commun. 132, 129 (2004).

[72] N. H. Bonadeo, Gang Chen, D. Gammon, D. S. Katzer, D. Park, and D. G. Steel,
Phys. Rev. Lett. 81, 2759 (1998).

(73] X. Hu and S. Das Sarma, Phys. Rev. A 61, 062301 (2000).
[74] T. A. Kaplan and C. Piermarocchi, Phys. Rev. B 70, 161311(R) (2004).
[75] A. Peres, Phys. Rev. Lett. 77, 1413 (1996).

[76] J. J. Sakurai, it Modern Quantum Mechanics Addison-Wesley Piblishing Co.
(1994).

[77] D. Bacon, J. Kempe, D. A. Lidar, and K. B. Whaley, Phys. Rev. Lett. 85, 1758
(2000).

(78] D. Mozyrsky, V. Privman, and M. L. Glasser, Phys. Rev. Lett. 86, 5112 (2001).
[79] G. Ramon, Y. Lyanda-Geller, T. L. Reinecke and L. J. Sham, Phys. Rev. B 71
121305 (2005).

112



[80] D. Gottesman, Stabilizer Codes and Quantum Error Correction PhD thesis, Calif.
Inst. Tech. Pasadena, California (1997).

[81] C. Fu, C. Santori, C. Stanley, M. C. Holland, and Yoshihisa Yamamoto,Phys.
Rev. Lett. 95, 187405 (2005)

[82] J. P. Reithmaier, G. Se, A. Loffler, C. Hofmann, S. Kuhnl, S. Reitzensteinl, L.
V. Keldysh, V. D. Kulakovskii, T. L. Reinecke, and A. Forchel, Nature, VOL 432,
11 (2004).

[83] G. Chiappe, J. Fernandez-Rossier, E. Louis, and E. V. Anda, Phys. Rev. B 72,
245311 (2005).

[84] M. Richard, J. Kasprzak, R. Romestain, R. Andr, and Le Si Dang, Phys. Rev.
Lett. 94, 187401 (2005).

[85] S. Bahbah, R. Frey, R. Andre, G. Roosen, C. Flytzanis, Solid State Comm. 136,
147 (2005).

[86] U.Woggon, E.Luthgens, H.Wenisch, and D.Hommel, Phys. Rev. B 63, 073205
(2001).

[87] S. Strauf, P. Michler, M. Klude, D.Hommel, G. Bacher, and A. Forchel, Phys.
Rev. Lett. 89, 177403 (2002).

[88] B. Golding and M. I. Dykman, arXiv:cond-mat/0309147 (2003).

[89] R. Vrijen, E. Yablonovitch, K. Wang, H. W. Jiang, A. Balandin, V. Roychowd-
hury, T. Mor, and D. DiVincenzo, Phys. Rev. A 62, 012306 (2000).

[90] B. E. Kane, Nature 393 133 (1998).
[91] Y. C. Chang and T.C. McGill, Phys. Rev. B 25 3945 (1982).

[92] J. Fernédndez-Rossier, C. Piermarocchi, P. Chen, L. J. Sham, and A. H. MacDon-
ald, Phys. Rev. Lett. 93, 127201 (2004).

(93] B. W. Knight and G. A. Peterson, Phys. Rev. 132, 1085 (1963).

113



