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We review the recent literature on the use of optical spectroscopy of semiconductor quan-
tum dots in high magnetic fields. We address both self-assembled epitaxial dots and
colloidal nanocrystal quantum dots, each of which has its own characteristic optical re-
sponse. Combining simple theoretical models for quantum confinement with the effect
of high magnetic fields we describe the basic optically allowed transitions expected for
epitaxial and colloidal quantum dots. Within these models we discuss the effects of quan-
tum confinement and orbital and spin Zeeman effects on the optical spectra, illustrated by
experimental examples. Finally, effects of electron–electron and exchange interactions are
addressed.
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r é s u m é

Nous discutons l’application des méthodes de spectroscopie optique en champs magné-
tiques intenses aux études des boîtes quantiques semiconductrices, telles qu’elles sont pré-
sentées dans la littérature la plus récente. Nous traitons à la fois le cas des boîtes épitaxies,
auto-assemblées, et le cas des boîtes quantiques obtenues à partir de nano-cristaux colloï-
daux. En combinant des modèles théoriques simples, concernant le confinement quantique,
avec les effets de champ magnétique forte, nous décrivons les transitions optiques fonda-
mentales qui sont attendues dans le cas de boîtes quantiques épitaxies et colloïdales. Dans
le cadre de ces modèles, nous discutons des conséquences sur le spectre optique des effets
de confinement quantique et des effets Zeeman orbitaux et de spins, ce que nous illustrons
à l’aide des exemples expérimentaux. Enfin, nous terminons en traitant le problème des
effets électrons–électrons et d’interaction d’échange.
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1. Introduction

Semiconductor quantum dots (QDs) are nano-scale objects in which carriers are confined to spatial dimensions com-
parable to their de Broglie wavelengths. This confinement gives rise to several interesting phenomena leading to both new
fundamental physics at the nano-scale and new opportunities for technological applications. A high magnetic field B has
proven to be an important research tool to study the properties of QDs, because it modifies both their single-particle (SP)
energy level structure and the mutual interactions between confined carriers. In the high field limit the typical size of
the carrier cyclotron orbit, characterized by the magnetic length lB = √

h̄/eB , becomes comparable to the QD dimensions,
resulting in an appreciable diamagnetic energy shift of the ground state. Furthermore, at high fields both orbital and spin
Zeeman splittings become important. Diamagnetic and Zeeman energies compete with the confinement-, Coulomb- and
exchange-interaction energies in the high field regime. This can lead to several effects which can be analyzed to reveal
specific properties of QDs. Interband optical spectroscopy is a very useful method to investigate QDs, in particular because
the optical selection rules provide a way to characterize all orbital and spin quantum numbers. In this paper we will give
a brief overview of the recent literature in this research area, mostly focusing on optical experiments on QDs in magnetic
fields in excess of 10 T. The paper is divided in two parts, describing respectively self-assembled epitaxial QDs and colloidal
nanocrystal quantum dots (NQDs).

2. Epitaxial quantum dots

Self-assembled semiconductor QDs can be manufactured by epitaxial growth methods, such as molecular beam epitaxy
(MBE) or metallorganic vapor phase epitaxy (MOVPE). To obtain epitaxial QDs, one grows a thin layer of one semiconductor
on top of an other semiconductor (with a higher bandgap), to which it is not lattice-matched. As a result of the strain
small islands are formed on top of a two-dimensional wetting layer (Stranski–Krastanow growth mode). The islands are
overgrown subsequently by a layer of the high bandgap material, leading to the formation of buried QDs which confine
carriers in all three directions. The quantum confinement is stronger in the growth direction (1–10 nm) than in the lateral
direction (10–50 nm). The growth and processing of semiconductor nanostructures are highly advanced nowadays, which
enables the fabrication of high quality QD materials of possible use in a broad range of applications within opto-electronics,
spintronics and quantum-information technology.

2.1. Single-particle energy levels

The analysis of optical properties of self-assembled QDs usually starts with the harmonic approximation of the lateral
confinement potential for both electrons and holes [1,2] (Fig. 1).

2.1.1. Electrons
For electrons with parabolic dispersion relations, the evolution of the electronic SP states confined in a harmonic poten-

tial, with characteristic energy Ωe,0, in the presence of magnetic field B normal to the dot plane, is given by the well-known
Fock–Darwin energy spectrum (FD states) [3,4]:
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e
is the cyclotron frequency and m∗

e is the electron effective mass. Le = n − m is the electron angular-
momentum number that depends on n and m. In this formula spin is neglected. In zero magnetic field the subsequent SP
levels degeneracies are equal to 1 (Le = 0), 2 (Le = +1,−1), 3 (Le = +2,0,−2), etc. In analogy to atomic physics, these SP
energy levels are usually referred to as s-, p-, d-, f -states (levels at positive energy in Fig. 1). In perpendicular magnetic field
the s-level undergoes a diamagnetic shift towards higher energies. The p-level degeneracy is removed by the magnetic field
due to the orbital Zeeman interaction. As a result the two levels related to the different angular-momenta shift towards
lower and higher energies with increasing B . The energy splitting between those SP levels equals the electron cyclotron
energy. Similarly the d-shell splits in magnetic field into three components and so on.

2.1.2. Holes
To analyze the QD interband optical properties, besides the electron states, also the hole states should be considered.

The upper valence band in quantum confined structures is split into heavy hole and light hole bands. In self-assembled
QDs with a built-in strain the light hole states have substantially higher energy than the heavy hole states and, therefore,
only the latter states are usually considered. Within this approximation, the SP hole spectrum may also be described within
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Fig. 1. Fock–Darwin spectrum: magnetic field evolution of single-particle electron and hole levels with harmonic lateral confinement of a characteristic
energy Ωe,0 = 20 meV (electrons) and Ωh,0 = 10 meV (holes). The energy gap is taken zero (E g = 0) and equal spatial extents of the electron and hole
wavefunctions are assumed. The levels are labeled by the (n, m) quantum numbers (see text). The vertical arrows indicate dipole-allowed optical transitions
for N = 6 electron–hole pairs. The dotted lines denote the magnetic fields at which the field-induced resonances of the SP states occur.

the harmonic potential model with characteristic frequency Ωh,0 (states at negative energy in Fig. 1). For dipole-allowed
transitions, only electrons and holes with the same set of quantum numbers can recombine (see arrows in Fig. 1).

This simple model assuming a harmonic lateral potential results in energy shells in both the conduction and valence
bands. As it will be shown later in this paper, this approximation holds well for example in the case of flat QDs grown by
using the In-flush method [5]. The formation of electronic and hole energy shells in such QDs was confirmed by theoretical
considerations [6], which also show a more complicated structure of the valence band in lens-shaped QDs.

2.2. Single excitons in high magnetic fields

Initial magneto-optical studies on QDs were focused on the diamagnetic shift of single electron–hole pairs (excitons).
The magnetic field tends to squeeze wavefunctions of electrons and holes in a QD, which results in a diamagnetic shift of
the exciton recombination energy. Thus, the excitonic diamagnetic shift of the excitonic emission is directly related to the
spatial extent of the electron and hole wavefunctions. Because of the confinement this shift is significantly smaller for QDs
than for bulk material for both directions of the magnetic field: parallel and perpendicular to the growth direction [7–9].
In fact the diamagnetic shift can be used to estimate the typical extension of the exciton wavefunction. Furthermore, the
diamagnetic shift also depends on interparticle interactions and its detailed analysis must take into account the charge state
of the QDs [10,11]. This leads to several effects: e.g. a negative diamagnetic shift reported for negatively charged excitons
in small InAs/GaAs QDs [12]. In high magnetic fields the magnetic confinement becomes stronger than the geometrical one
and the excitonic emission energy converges to the lowest Landau level of a two-dimensional electron–hole system with its
characteristic linear field dependence. The deviation from the quadratic field dispersion was observed in several systems in
both ensemble and single-dot experiments [13,14].

The Zeeman spin-splitting of single excitons was also investigated in a broad range of magnetic fields. The energy split-
ting of the neutral exciton in magnetic field results from the splitting of electron and hole energy levels in its initial
configuration, i.e. before recombination. The Zeeman splitting of a negatively (positively) charged exciton is due to the hole
(electron) level-splitting in the initial configuration and the electron (hole) level-splitting in the final state. In the first
approximation, neglecting the small exchange-interaction splitting of the neutral exciton, both magnetic field dispersions
should be identical and the Zeeman splitting should be a linear function of magnetic field [15]. Deviations from the linear
dependence were however observed in single InAs/GaAs QDs [14], QDs formed in the InAs/GaAs wetting layer [16], and in
both “bonding” and “antibonding” excitonic states in an InAs/GaAs QDs molecule [17]. The effect has been recently analyzed
in more details by Jovanov et al. [18]. That nonlinearity is usually attributed to changes in the band mixing induced by the
very high fields, as previously reported in structures of higher dimensionality as for example semiconductor quantum wells
[19]. If the heavy hole–light hole mixing is not affected by the magnetic field one will obtain a linear Zeeman splitting,
as usually observed in QDs at low fields [15]. If the band mixing is modified by the magnetic field, the Zeeman splitting
would show a nonlinear dependence on magnetic field. Additionally, a nonzero envelope orbital momentum of holes was
also proposed to account for a possible nonlinear Zeeman splitting of excitons in QDs in high magnetic fields [20]. It was
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Fig. 2. (a) Photoluminescence related to the s-shell of a single InAs/GaAs QD in magnetic field up to 28 T. Emission lines related to the single neutral exciton
(X), charged exciton (X*) and doubly charged excitons (X**) are seen. (b) Energy of the split emission lines relative to the lower-energy component of the
X** line.

shown that the spin and orbital motion of the hole state have opposite contributions to the hole g-factor, leading to zero
g-factors of holes and then excitons in dots of a high aspect ratio. The theoretical model explained the strongly nonlinear
splitting of excitons in flat, In-flushed InAs/GaAs QDs. The splitting was found to be close to zero in low magnetic fields and
was observed to linearly depend on magnetic field in high field conditions (see Fig. 2) [14].

The photoluminescence excitation (PLE) spectrum of excitons in InAs/GaAs QDs was also investigated in high magnetic
fields [21]. Application of magnetic field perpendicular to the plane of the QDs allowed to reveal the angular-momentum
structure of the energy shells. The energy shell structure of a single exciton was found to follow the general FD pattern
[3,4]. The blueshift of the PLE peaks with respect to the emission peaks was interpreted in terms of many-body interactions.
It was shown that for a highly symmetric situation, the observed energy difference provided a direct measurement of the
extra exchange energy gained upon addition of an extra exciton in the QD. In doped QDs excitation spectra are modified
by a strong interaction of carriers in QDs with longitudinal optical phonons in the underlying semiconductor lattice. The
resulting polarons, which are true excitations of a charged QD, were investigated in high magnetic fields by both far-infrared
optical measurements probing intraband optical transitions [22,23] and PLE experiments, which give access to intraband
transitions [24].

A completely different picture of the excitonic emission emerges when the QD electronic states can interact with the
QDs environment. The most spectacular example of such an interaction is a coherent hybridization of localized QDs states
and extended continuum states [25]. These states are generated by the emission of a photon from a QD. In high magnetic
field the emission energy due to a negatively charged exciton X−3, composed of four electrons and one hole confined in a
dot, develops a series of oscillations, which result from interaction of the QD state with Landau levels in the wetting layer.

High magnetic field spectroscopy was also employed to study the brightening of dark excitons in a single CdTe/ZnTe QD
containing a single Mn2+ ion [26]. It was shown that the optical recombination of the dark exciton was allowed when the
exciton state was coupled to an individual magnetic impurity (manganese ion). The radiative recombination of dark excitons
was found to be efficient only when the exchange interaction with the magnetic ion is accompanied by the heavy hole–light
hole mixing, related to the in-plane anisotropy of the QD.

2.3. Multiexcitonic emission from quantum dots in high magnetic field

Optically excited semiconductor QDs can confine several electron–hole pairs. This leads to formation of multiexcitonic
droplets, which can also be viewed as “artificial atoms” [27,28]. The total energy of such complexes comprises the kinetic
energy of carriers, the energy of Coulomb interactions and energy due to correlations of the carrier movements. A complex
spectrum arises as a result of those interactions. However, if the kinetic energy dominates, the magnetic field evolution of
multiexcitonic optical emission spectra should in general resemble the FD pattern of the QDs SP structure.
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Fig. 3. Photoluminescence related to the s-, p-, and d-shells of a single InAs/GaAs QD in a magnetic field up to 27 T. Emission lines related to a single
exciton (X), three excitons (3X), five excitons (5X) and seven excitons (7X) in a single QD are indicated by lines for clarity. The avoided level p+ and d−
levels crossing is denoted by a red circle.

First optical measurements of multiexcitonic emission from QDs in magnetic field were limited to the low field range
[29–31]. Substantial orbital Zeeman splitting of emission lines related to higher angular-momentum SP states was observed
in emission from highly excited QDs induced by self-organized InP islands acting as stressors on InGaAs/GaAs quantum
well [29,30]. The experimental results were quantitatively reproduced by calculations including the vertical quantum well-
like confinement and the strain-induced, nearly parabolic, lateral confinement, together with the magnetic interaction. This
approximate description of the data neglected the excitonic effects. The FD model of non-interacting carriers was also found
to approximately explain the evolution of the emission from highly excited InAs/GaAs QDs by Paskov et al. [31]. The authors,
however, also observed an excitation power dependence of the diamagnetic shift of the s-shell-related emission, which was
explained in terms of the Coulomb-interaction screening in QDs.

The importance of excitonic effects for the energetic structure of multiexcitonic droplets was pointed out in high mag-
netic field optical measurements of highly excited self-assembled InAs/GaAs QDs in ensemble [32–34] and single-dot
experiments [35,36] (see Fig. 3). Despite the qualitative resemblance of the investigated spectra to the FD pattern, clear
deviations from the model were observed at magnetic fields where the crossings of the FD SP levels are expected to oc-
cur (see dashed lines in Fig. 1). The deviations were explained in terms of electron–electron interactions in multiexcitonic
droplets. The interactions lead to a quasi-vanishing magnetic field dependence of the multiexcitonic emission energy near
the crossing points as clearly evidenced in Fig. 3. Let us focus on the configurations of a five-exciton droplet in a QD.
They are related to the p-shell Le = +1 (p+) and the d-shell Le = −2 (d−) levels before and after the SP level crossing
respectively. The two configurations hybridize as they involve electron–hole pairs with zero total angular momentum. The
energy of the multiexciton system averages over the energy of the two configurations with opposite magnetic field depen-
dence leading to the observed effect of avoided level crossing (see Fig. 3). Moreover, neglecting higher shell scattering and
assuming the same wavefunction for electrons and holes (hidden symmetry condition), for degenerate shells the chemical
potential does not depend on the number of excitons and one obtains an exciton condensation effect [37].

The multiexcitonic energy structure of QDs was also shown to be affected by the spin–orbit coupling. Vachon et al. [38]
observed at the top of the orbital splitting characteristic to the FD scheme, a doublet splitting of the mulitexcitonic emission
lines with unexpected magnetic field evolution. That behavior was explained in terms of the coupling of electron spin with
the orbital angular-momentum envelope function. The effect of the spin–orbit coupling in the valence band was observed in
polarization-sensitive PL measurements of highly excited InAs/GaAs QDs by Blokland et al. [39]. The pronounced circular po-
larization of the optical emission, together with the optical selection rules for orbital and spin quantum numbers, allowed to
separate the individual electron and hole levels. Multiexcitonic droplets in large ensemble of InAs/GaAs quantum rings were
also investigated by photoluminescence spectroscopy in high magnetic fields [40]. It was shown that the confinement of an
electron and a hole in these type-I quantum rings along with the Coulomb interaction suppress the excitonic Aharonov–
Bohm effect. In contrast the case of to QDs with parabolic lateral confinement the multiexcitonic emission energies were
found not to be equidistant. Moreover they split up to only two levels in magnetic field, which reflects the ringlike geometry
of the confining potential.

3. Colloidal quantum dots

The optical properties of colloidal semiconductor nanocrystal quantum dots (NQDs) have attracted much interest over
the recent years. In contrast to the self-assembled quantum dots discussed above, which are epitaxially grown, colloidal
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Fig. 4. (a) Calculated exciton fine-structure for a CdSe NQD as a function of size. The spectrum consists of five levels characterized by their spin projection
(Fm) along the nanocrystal c-axis. With increasing energy: Fm = ±2, Fm = ±1L , Fm = 0L , Fm = ±1U and Fm = 0U . (b) Calculated energies of the lowest
exciton levels of a 1.5 nm radius CdSe NQD for several angles θ of the NQD c-axis relative to the field direction: θ = 90◦ (red line), θ = 45◦ (blue line) and
θ = 0◦ (black line).

nanocrystals are prepared relatively easy by using colloidal chemistry methods. These methods give easy control over the
size and composition of the NQDs, including II–VI (CdSe, CdTe, . . . ), III–V (InAs, InP, . . . ) and IV–VI (PbS, PbSe, PbTe) materials.
It is, therefore, possible to tune the NQD exciton confinement energies, and thereby their emission wavelength, over a wide
range [41–43]. This tunability combined with a high photoluminescence (PL) quantum efficiency of high quality NQDs, even
at room temperature [44], make colloidal quantum dots very promising for novel applications [45], such as light emitting
diodes [46–48], lasers [49,50], bio-labeling [51] and solar cells [52].

3.1. Exciton fine-structure of wurtzite NQDs

Three-dimensional confinement of electrons and holes in semiconductor NQDs leads to a discrete, atom-like level struc-
ture. In general the energy level structure of NQDs differs from that of their epitaxial counterparts. First of all, the typical
NQD dimensions are in the 2–10 nm range, in all 3 directions, which is in most cases smaller than in epitaxial dots, resulting
in larger effects of quantum confinement and exchange interactions. Because of these smaller dimensions higher magnetic
fields are required to reach the regime where the magnetic length becomes comparable to the size of the NQDs. In general,
the diamagnetic shift can, therefore, be safely neglected for colloidal dots in fields up to 60 T. Secondly, the prototypical
example of a colloidal nanocrystals is a CdSe NQD [53,54], which has a wurtzite crystal structure with an extra crystal
anisotropy that is absent in cubic zinc-blende structures. It is now well established that in wurtzite NQDs the electron–hole
exchange interaction and the intrinsic crystal/shape anisotropy lift the spin degeneracy of the exciton levels, leading to five
distinct states, characterized by their spin projection (Fm) along the nanocrystal c-axis (see Fig. 4a).

The resulting exciton fine-structure is characterized by a lowest energy exciton state (Fm = ±2), which is forbidden for
direct radiative recombination, thus optically dark, and a higher-energy exciton state (Fm = ±1L ) that is dipole-allowed, thus
optically bright. The separation between the two levels, denoted by the bright–dark splitting (�bd), strongly depends on the
NQD size because of the size-dependent exchange interaction. Evidence for this exciton fine-structure has been given by
the dependence of the radiative lifetime on size [55–57] and temperature [58–60]. For typical values of �bd of 5–20 meV
only the lowest |Fm| = 2 level is populated at low temperatures T (kB T < �bd), leading to a relatively long exciton lifetime
(≈1 μs) for a direct bandgap semiconductor material such as CdSe. However, with increasing temperature this lifetime
strongly shortens when the higher |Fm| = 1L level becomes populated. Strong evidence for the dark nature of the exciton
ground state of CdSe NQDs has been given by PL decay experiments in high magnetic fields [61,62]. In these experiments
it was found that the exciton lifetime significantly decreases in an applied magnetic field, since the dark ground state
acquires oscillator strength through field-induced mixing of the dark and bright exciton states. A typical example is given in
Fig. 5a for a 2.1 nm CdSe NQD. This magnetic field-induced brightening is well described by Efros using an effective-mass
model [53,54,61].

Further evidence for the exciton fine-structure has been given by fluorescence line narrowing (FLN) experiments [55,61,
63,64], in which PL is measured under resonant photo-excitation. Under non-resonant excitation the PL linewidth is rather
broad (up to 100 meV) due to size-fluctuations of the NQDs. Under resonant excitation only NQDs that are resonant with
the excitation wavelength will emit, leading to more narrow PL spectra exhibiting a clear structure (see Fig. 5b). Excitons are
excited by the laser into the bright |Fm| = 1 level, which results in emission from the dark |Fm| = 2 excitons (zero-phonon
line ZPL), several meV below the laser energy. Furthermore several phonon replicas (1PL, 2PL) are visible. In an applied
magnetic field, using σ+ polarized excitation and σ− detection, the ZPL line shifts to lower energy due to the Zeeman
splitting of the exciton levels. In addition the ZPL peak becomes more intense with field due to the increase of oscillator
strength of the |Fm| = 2 level as a result of the exciton mixing, as discussed above. At high fields (>15 T) an additional
peak appears between the laser and the ZPL. This new peak is due to resonant σ+ polarized excitation into the Fm = +1L
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Fig. 5. Optical properties of a CdSe NQD. (a) Measured PL lifetime of a CdSe NQD with radius 2.1 nm at 1.2 K for several magnetic fields. (b) Fluorescence
line narrowing spectra of a CdSe NQD at several magnetic fields. (c) Degree of circular polarization (DCP) of a CdSe NQD in an applied magnetic field at 1.2
K. Inset: the orientation of the NQD with angle θ of the crystal c-axis with respect to the magnetic field direction.

state and subsequent σ− polarized emission of Fm = −1L excitons after a spin-flip process [63,64]. The measured splitting
increases linearly with B and is directly related to the Zeeman splitting of the |Fm| = 1L levels.

The Zeeman splitting �Ez of the exciton levels also leads to a pronounced circular polarization of the non-resonant
PL. The degree of circular polarization is defined as DCP = (Iσ− − Iσ+ )/(Iσ− + Iσ+ ) where Iσ± is the PL intensity of the
σ± polarized emission. Typically the DCP increases linearly with field at low field strengths and saturates at high fields at a
value of 0.5–0.75, considerably lower than the maximum DCP of 1 (see Fig. 5c). Remarkably, this saturation value is relatively
insensitive to the temperature (when kB T < �Ez) [62,64,65]. The saturation of the DCP thus has an intrinsic reason, which
is related to the wurtzite structure of the CdSe NQDs [53,62,65–67]. The exciton emission strongly depends on the angle
θ between the wurtzite c-axis and the direction of the magnetic field (see Fig. 4b and inset of Fig. 5c). The spin-splitting
scales as �Ez = gexμB B cos θ , with the exciton g-factor gex and the Bohr magneton μB . The PL intensities of the Fm = +1L

and Fm = −1L levels are proportional to P (σ±) = (1 ± cos θ)2 and P (σ±) = (1 ∓ cos θ)2 respectively [53,66]. For the c-axis
along the field (θ = 0◦) the Zeeman splitting is maximal and the emission is fully circularly polarized. For this orientation
there is no exciton mixing. In contrast, when the c-axis is perpendicular to the field (θ = 90◦), the Zeeman splitting is
zero, the emission is unpolarized and the exciton mixing is maximal. Averaging over all possible orientations of the NQDs
within an ensemble experiment leads to a saturated DCP with a theoretically maximum value of 0.75, as observed in some
experiments. Finite spin relaxation times [66] or the influence of non-radiative recombination [65] are possible origins for
saturated DCP values lower than 0.75.

It is worth noticing that mixing of excitonic states, induced by application of strong magnetic fields is a relevant effect
common for the physics of many other nanostructures. It largely helped us to understand the optical properties of car-
bon nanotubes [68,69] and to reveal some subtle physics of specific systems of semiconductor quantum dots with single
magnetic atoms [26].

3.2. Different material systems

The PL wavelength of CdSe NQDs can be tuned across the visible wavelength region. Alternatively, zinc-blende (e.g. InAs,
InP, CdTe, ZnS) and rock-salt (e.g. PbS, PbSe) NQDs have been fabricated, which have considerably enlarged the wavelength
emission range [42,43]. From a fundamental point of view it is interesting to study NQDs with different crystal structures,
since the lattice symmetry is one of the parameters to tune the lowest energy levels of the excitons that are responsible
for the NQD optical properties [53,54,70]. To date, high magnetic field data are still scarce for NQDs with a crystal lattice
different from wurtzite [67,71–74].

Surprisingly, the DCP of zinc-blende InP [67] and CdTe [75] and rock-salt PbS [73] has also been described by the formula
that applies for wurtzite structures. So far a DCP approaching 1 has never been observed for semiconductor nanocrystals,
which is most probably related to the fact that any shape anisotropy of the nanocrystals has an effect on the polarization
properties that is similar to that of crystal anisotropy. The same conclusion has been drawn from recent experiments on the
magnetic field dependence of the radiative lifetimes of excitons in zinc-blende CdTe NQDs. It was found that the exciton
lifetime strongly decreases with increasing magnetic field, as well as with increasing temperature and size, similar to the
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behavior of wurtzite CdSe NQDs. This is a remarkable result since spherical zinc-blende crystals with cubic symmetry have
no crystal/shape anisotropy. The eight-fold degenerate exciton ground state is only split by the electron–hole exchange
interaction, resulting in a five-fold degenerate, dark state, having |F | = 2 (Fm = ±2, Fm = ±1L, Fm = 0L ) and a three-fold
degenerate, bright state, having |F | = 1 (Fm = ±1U , Fm = 0U ). The |F | = 2 and |F | = 1 states of such zinc-blende NQDs do
not mix [53], resulting in an exciton ground state that should be dark at all magnetic fields, in contrast to the experimental
results on CdTe NQDs. This discrepancy has been explained by taking into account a slight shape-asymmetry of the CdTe
NQDs under study, because the theoretically predicted exciton fine-structure of prolate zinc-blende NQDs is similar to that
of spherical wurtzite NQDs [74].

Evidence for an exciton fine-structure that is qualitatively different from that found in wurtzite NQDs has been recently
reported for a rock-salt PbSe system [72]. By measuring the temperature-dependent PL decay times in magnetic fields up to
15 T it was found that the low temperature dynamics is determined by two, closely-spaced, exciton states with comparable,
but small, oscillator strengths, in sharp contrast with the usual dark and bright states discussed above. Also in this system
the PL decay time reduces with applied magnetic field due to field-induced mixing between the two states.

Apart from variation of the crystal structure of the NQDs to tailor their optical properties it is also feasible to vary the
band alignment in hetero-nanocrystals. Here the NQDs consist of a core and a shell, and the band alignment can be designed
to be type I or type II, a concept that is well known from epitaxial semiconductor nanostructures. In type-I structures the
wavefunctions of the electrons and holes overlap, leading to spatially direct excitons. In type-II systems the electrons and
holes are spatially separated leading to spatially indirect excitons. An intermediate case is given by so-called type-I1/2 or
quasi-type-II structures, where one carrier is confined in the core and the second one is delocalized throughout the whole
system [76]. A typical example is a CdTe/CdSe core/shell structure, for which it was shown that for a set of NQDs with
fixed CdTe core and increasing CdSe shell thickness, the system gradually changes from type I to type II [76–78]. Reducing
the overlap between the electron and hole wavefunctions, reduces the e–h exchange interaction and thus the dark–bright
splitting, leading to strongly modified optical properties. This has been recently shown in a CdSe/CdS core/shell system, in
which by increasing the shell thickness the bright–dark splitting was reduced to 0.1 meV, resulting in a material that emits
with a nearly constant rate over temperatures from 1.5 to 300 K and magnetic fields up to 7 T. Importantly, this tunability
is achieved for a nearly constant emission energy, which provides a new tool for controlling excitonic dynamics [79].

Magnetic doping of semiconductor nanostructures is a powerful method to boost and design their magnetic properties.
In this respect, NQDs provide an excellent material platform given their flexibility and easy growth. Controlled incorpora-
tion of magnetic ions, such as Mn, has been demonstrated [80] and several new functionalities, such as a giant Zeeman
splitting [81], light-induced magnetism [82] and modified optical properties [83,84] have been reported. In essence, this
brings the magnetic response of NQDs into the low magnetic field regime, which is a prerequisite for novel applications in
spintronics.

3.3. Magneto-optical spectroscopy on single NQDs

As described above optical studies of individual epitaxial quantum dots have given a wealth of new information on the
properties of single neutral and charged excitons, as well as multiexcitonic complexes, since their Zeeman splitting and
diamagnetic shift can be determined very accurately in the absence of ensemble averaging. Single-dot spectroscopy has
also been performed quite extensively on NQDs, but results in magnetic fields are scarce and are restricted to CdSe sys-
tems and relatively low fields (<7 T) [63,85,86]. Magneto-PL results on single NQDs confirm that their magnetic response
strongly depends on the angle of the c-axis with the applied field. The measured Zeeman splittings of the dark and bright
exciton levels vary from dot to dot due to their different orientations. Furthermore, the field-induced exciton mixing could
be directly observed in the PL spectra and decay of single CdSe NQDs. In this way the angle between the c-axis and the
field can be determined for each NQD individually, as well as the g-factors for the bright and dark exciton states and the
spin-flip relaxation rates between these levels [85,86]. Single NQD experiments also enable more detailed investigations of
the excitonic energy spectrum. In analogy to the anisotropy observed in the XY plane of epitaxial dots (perpendicular to
the growth (Z ) axis), colloidal NQDs also exhibit such an anisotropy in the plane perpendicular to the c-axis [63,85,87].
Anisotropic energy splittings (�X Y ) of the order of 1–3 meV have been reported. Magneto-PL on single CdSe NQDs re-
veal that NQDs with �X Y < 0.5 meV demonstrate a conventional circularly polarized PL signal, whereas nanocrystals with
large �X Y (>1 meV) show an anomalous magnetophotoluminescence polarization, wherein the lower-energy peak becomes
circularly polarized with increasing field, while the higher-energy peak remains linearly polarized. This unusual behavior
arises from strong mixing between the absorbing and emitting bright exciton levels due to the strong anisotropic exchange
interactions [85,88].
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