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Abstract

The magnetic state of a single magnetic ion (Mn2+) embedded in an individual quantum dot is optically probed using microspec-
troscopy. The fine structure of a confined exciton in the exchange field of a single Mn2+ ion (S = 5/2) is analyzed in detail. The
exciton–Mn2+ exchange interaction shifts the energy of the exciton depending on the Mn2+ spin component and six emission
lines are observed at zero magnetic field. The QD exciton emission is then a direct probe of the Mn spin state. The limiting factors
of such detection are then presented: they are mainly due to the influence of geometrical effects such as the anisotropic strain
distribution into the QD and its shape anisotropy. In the last part, we show how we can manipulate and understand quantitatively
the interaction between the single Mn spin and a confined carrier by controlling the charge state of a quantum dot (0,±1 electron)
with an electrostatic (and optical) gate. This opens the way to an electrical or optical control of the magnetic properties of a single
atom. To cite this article: L. Besombes et al., C. R. Physique 9 (2008).
© 2008 Published by Elsevier Masson SAS on behalf of Académie des sciences.

Résumé

Mesure optique de l’état de spin d’un atome magnétique dans une boite quantique. L’état magnétique d’un ion magné-
tique unique (Mn2+) inséré dans une boîte quantique individuel est sondé optiquement par micro-spectroscopie. La structure fine
de l’exciton confiné dans le champ d’échange de l’ion unique Mn2+ (S = 5/2) est analysée en détails. L’interaction d’échange
exciton–Mn2+ induit un changement d’énergie de l’exciton qui dépend de la composante de spin du Mn2+, et six raies d’émission
sont observées à champ magnétique nul. Ainsi, l’émission excitonique de la boîte quantique est une sonde directe de l’état de
spin du manganèse. Les facteurs limitant d’une telle détection sont présentés : ils sont principalement dus à l’influence des effets
géométriques tels que la distribution inhomogène des contraintes dans la boîte et la forme anisotrope de celle-ci. Dans une der-
nière partie, nous montrons comment on peut manipuler et comprendre quantitativement l’interaction entre un spin de manganèse
unique et un porteur de charge confiné, en contrôlant l’état de charge de la boîte (0,±1 électron) optiquement ou par une tension
électrostatique. Ceci ouvre la voie à un contrôle électrique (ou optique) des propriétés magnétiques d’un atome unique. Pour citer
cet article : L. Besombes et al., C. R. Physique 9 (2008).
© 2008 Published by Elsevier Masson SAS on behalf of Académie des sciences.
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1. Introduction

As the size of magneto-electronic devices scales down, it becomes increasingly important to understand the proper-
ties of a single magnetic atom in a solid state environment [1–4,6]. Atomic scale surface probes have been successfully
used in this regard [1–3]. More recently, optical probing of both magnetic [4,5] and non-magnetic [7] atoms in
semiconductors has been demonstrated. Magnetically doped semiconductors have been used in the fabrication of
electrically active devices that control the magnetic properties like transition temperature and coercitive field [8–10].
In these devices a macroscopic number of magnetic atoms was manipulated. We will present here electrically active
devices that control the charge state of an individual II-VI quantum dot (QD) doped with a single Mn atom. Single
dot micro-photoluminescence measurements reveal that the magnetic anisotropy and spin configuration of the single
Mn atom are very different depending on the charge state of the dot, which can be 0, or ±1e. Thus, these devices
are able to tune the magnetic properties of a single Mn atom embedded in a QD which represents a first step in the
implementation of several proposals of electrical control of the magnetism in Mn-doped quantum dots [11,14,12,13].

Quantum dots doped with magnetic atoms and filled with a tunable number of carriers can behave like tunable
nanomagnets. Indeed, as it has been theoretically shown, the parity of the number of confined carriers can drastically
change the magnetic properties of the localized magnetic moments [12–16].

In a magnetic QD, the sp-d interaction takes place with a single carrier or a single electron–hole pair. However,
besides effects related to the carriers–Mn-ions exchange interaction such as giant Faraday rotation and strong Zeeman
shift, it was found that even a small content of Mn introduced in a II-VI semiconductor material can strongly suppress
photoluminescence if the energy gap Eg exceeds the energy of the Mn internal transition. This strongly limits the study
of individual diluted magnetic semiconductor quantum dots [17]. The first studies of individual quantum dots doped
with Mn atoms were reported by Maksimov et al. [18]. They studied CdMnTe QDs inserted in CdMgTe barriers
in which the optical transition energies are lower than the energy of the internal transition of the Mn atom. This
suppresses the non-radiative losses due to the transfer of confined carriers to the Mn energy levels. This system
allowed the observation of the formation of a quasi zero-dimensional magnetic polaron. Moreover, the broadening of
the emission lines caused by the magnetic fluctuations in the environment of the recombining electron hole pair was
controlled by an external magnetic field.

Another way to reduce the non-radiative losses was to introduce the magnetic atoms in the quantum dots barriers.
This has been realized for CdSe dots embedded in ZnMnSe barriers by Seufert et al. [19]. In this system, the interaction
between the confined exciton and the magnetic ions is due to the spread of the wave function in the barriers and to a
small diffusion of the magnetic atoms in the quantum dots. In these diluted magnetic semiconductor (DMS) structures,
the response time of the paramagnetic Mn spin was extracted from the transient spectral shift of the photoluminescence
caused by the dynamical spin alignment of magnetic ions incorporated into the crystal matrix. The formation of a
ferromagnetically aligned spin complex was demonstrated to be surprisingly stable as compared to bulk magnetic
polaron [20,21], even at elevated temperature and high magnetic fields. The photoluminescence of a single electron–
hole pair confined in one magnetic QD, which sensitively depends on the alignment of the magnetic ions spins,
allowed one to measure the statistical fluctuation of the magnetization on the nanometer scale. Quantitative access to
statistical magnetic fluctuations was obtained by analyzing the linewidth broadening of the single dot emission. This
all optical technique allowed to address a magnetic moment of about 100μB and to resolve changes in the order of a
few μB [24,22,23].

A huge effort has also been made to incorporate magnetic ions in chemically synthesized II-VI nanocrystals [25].
The incorporation of the magnetic impurities is strongly dependent on the growth conditions and controlled by the
adsorption of impurities on the nanocrystal surface during growth [26]. The doping of nanocrystals with magnetic
impurities also led to interesting magneto-optical properties [27] but once again, in these highly confined systems,
the transfer of confined carriers to the Mn electronic levels strongly reduces their quantum efficiency and prevents
the optical study of individual Mn-doped nanocrystals. However, by looking to magnetic circular dichroism (MCD)
absorption spectra it is possible to observe a giant excitonic Zeeman splitting and to deduce directly the sp-d exchange
interaction [28].
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CdTe/ZnTe self assembled QDs usually present an emission energy below the internal transition of the Mn atom.
The incorporation of magnetic atoms is then possible without losing the good optical properties of these QDs. Up to
now, however, all the experimental studies on these diluted magnetic QDs were focused on the interaction of a single
carrier spin with its paramagnetic environment (large number of magnetic atoms) [29]. We will see that CdTe/ZnTe
quantum dot structures doped with a low density of Mn atoms allow us to control optically the spin states of a single
magnetic ion interacting with a single electron–hole pair or a single carrier.

2. II-VI diluted magnetic semiconductors QDs

Carrier–Mn coupling was mostly studied in bulk DMS made of II-VI semiconductors in which Mn impurities were
introduced (see the review papers [30,31]). These semiconductors are formed with a cation from column II (Zn, Cd
or Hg) and an anion from column VI (Te, Se, S and more recently even O). These compounds assume the zinc-blende
structure or, for the most ionic ones, the closely related wurtzite structure. Manganese impurities have the d5 electronic
configuration and substitute the cations up to 100%. An important point is that Mn substitutes the column-II cation
as an isoelectronic impurity – by contrast to the acceptor character observed in GaAs and similar III-Vs [32,33]. The
Mn ground state is 6S (or 6A1 in cubic or hexagonal symmetry), introducing localized, isotropic spins with S = 5/2.
If not interacting, these localized spins follow Maxwell–Boltzmann statistics, resulting in a magnetization M induced
by an applied field H at temperature T given by a Brillouin function. Optical spectroscopy around the bandgap reveals
the so-called “giant Zeeman effect”, with a spin splitting proportional to the Mn magnetization [35]. Several studies
have demonstrated this proportionality and measured the strength of the coupling [36]. Magneto-optical spectroscopy
is now a very sensitive method for measuring locally the magnetization of the Mn system. Altogether, this excellent
knowledge of the magnetic properties in (electrically) undoped II-VI DMSs, and of the coupling between the localized
spins and the conduction/valence band, constitutes a very firm basis for the further studies described below.

The CdTe/ZnTe QDs samples used in this study are grown by Atomic Layer Epitaxy (ALE) with a deposition of
6 monolayers of CdTe on a ZnTe buffer. Single Mn atoms are introduced in CdTe/ZnTe QDs during their growth
adjusting the density of Mn atoms to be roughly equal to the density of QDs [34]. The QDs are then capped with a
ZnTe barrier.

3. Confined carriers-Mn exchange interaction

Micro-spectroscopy was used to study the magneto-optical properties of individual CdTe/ZnTe QDs. The low
temperature (5 K) photoluminescence (PL) of single QDs is excited with the 514.5 nm line of an argon laser or
a tunable dye laser and collected through a large numerical-aperture objective and aluminium shadow masks with
0.5–1.0 m apertures. The experiments are carried out in the backward geometry with the propagation direction of
the incident and emitted light parallel to the [001] growth axis. Superconductive coils are used to apply a magnetic
field up to 11 T in the Voigt or Faraday configuration. The PL is then dispersed by a 2 m double monochromator and
detected by a nitrogen-cooled Si charged-coupled device camera or a Si avalanche photodiode.

In Fig. 1, PL spectra of an individual Mn-doped QD are compared to those of a non-magnetic CdTe/ZnTe reference
sample. In non-magnetic samples, narrow PL peaks (limited by the spectrometer resolution of about 50 µeV) can
be resolved, each attributed to the recombination of a single electron–hole pair in a single QD. The emission of
neutral QDs is split by the e–h exchange interaction and usually a linearly polarized doublet is observed [39]. On
the other hand, most of the individual emission peaks of magnetic single QDs are characterized by a rather large
linewidth of about 0.5 meV. For some of these QDs, a fine structure can be resolved and six emission lines are clearly
observed at zero magnetic field. The measured splitting changes from dot to dot. This fine structure splitting as well
as the broadening is obviously related to the influence of the magnetic ions located within the spatial extent of the
exciton wave function. The broadening observed in magnetic QDs has been attributed by Bacher et al. to the magnetic
fluctuations of the spin projection of a large number of Mn spins interacting with the confined exciton [24]. In the low
concentration Mn-doped samples, the observation of a fine structure shows that the QD exciton interacts with a single
Mn spin. In time-averaged experiments, the statistical fluctuations of a single Mn spin (S = 5/2) can be described
in terms of populations of its six spin states quantized along the direction normal to the QD plane. The exchange
interaction of the confined exciton with the Mn atom shifts its energy depending on the Mn spin projection, resulting
in the observation of six emission lines.
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Fig. 1. (Color online.) Low temperature (T = 5 K) PL spectra obtained at B = 0 T for an individual CdTe/ZnTe QD (a) and a Mn-doped QD (b).
(c) Scheme of the energy levels of the Mn–exciton coupled system at zero magnetic field. The exciton–Mn exchange interaction shift the energy of
the exciton depending on the Sz component of the Mn spin projection.

QDs doped with single Mn atoms were considered theoretically in the case of spherical nanocrystals with a strong
confinement [27]. The eigenstates resulting from the exchange coupling between the exciton and the magnetic ion,
were obtained by a combination of the electron, hole and Mn magnetic moments. In flat self-assembled QDs with a
relatively weak confinement, the bi-axial strains in the plane of the QD lift the degeneracy of the hole spin projections
(heavy-hole/light hole splitting). In a first approximation, this system can be described by a heavy-hole exciton con-
fined in a symmetric QD, in interaction with the six spin projections of the manganese ion [37]. The spin interaction
part of the Hamiltonian of is given by:

Hint = Ieσ · S + Ihj · S + Iehσ · j (1)
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Fig. 2. (Color online.) Magnetic field dependence of the emission of a Mn-doped QD recorded in σ+ and σ− polarisation. Anticrossing of the
bright and dark states appears around 7 T in σ− polarisation.

where Ie (Ih) is the Mn–electron (–hole) exchange integral, Ieh the electron–hole exchange interaction and σ (j, S)
the magnetic moment of the electron (hole, Mn). The initial states of the optical transitions are obtained from the
diagonalization of the spin Hamiltonian and Zeeman Hamiltonian in the subspace of the heavy hole exciton and Mn
spin components |±1/2〉e|±3/2〉h|Sz〉Mn, with Sz = ±5/2, ±3/2, ±1/2. Since the dipolar interaction operator does
not affect the Mn d electrons, the final states involve only the Mn states |Sz〉Mn with the same spin component [4].

In this framework, at zero magnetic field, the QD emission presents a fine structure composed of six doubly de-
generate transitions roughly equally spaced in energy. The lower energy bright states, |+1/2〉e|−3/2〉h|+5/2〉Mn and
|−1/2〉e|+3/2〉h|−5/2〉Mn are characterized by an anti-ferromagnetic coupling between the hole and the Mn atom.
The following states are associated with the Mn spin projections Sz = ±3/2, ±1/2 until the higher energy states
|−1/2〉e|+3/2〉h|+5/2〉Mn and |+1/2〉e|−3/2〉h|−5/2〉Mn corresponding to ferromagnetically coupled hole and man-
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Fig. 3. (a) scheme of the energy levels of the initial and final state involved in the optical transitions of a quantum dot containing a Mn atom.
(b) Modelization of the optical transition obtained from the diagonalization of an effective spin Hamiltonian including the e–h exchange interaction,
the exciton–Mn exchange interaction, the Zeeman and the diamagnetic energies. The contribution of the dark states appears in green.

ganese. In this simple model the zero field splitting δMn = 1
2 (Ie − 3Ih) depends only on the exchange integrals Ie and

Ih and is thus related to the position of the Mn atom within the exciton wave function.
When an external magnetic field is applied in the Faraday geometry (Fig. 2), each PL peak is further split and

twelve lines are observed, six in each circular polarization. As presented in Fig. 3, the Zeeman effect of the Mn states
is identical in the initial and final states of the optical transitions then the six lines in a given polarization follow the
Zeeman and diamagnetic shift of the exciton, as in a non-magnetic QD. The parallel evolution of six lines is perturbed
around 7 T in σ− polarization by anti-crossings observed for five of the lines. In addition, as the magnetic field
increases, one line in each circular polarization increases in intensity and progressively dominates the others.

The electron–Mn part of the interaction Hamiltonian Ie(σ · S) couples the dark (Jz = ±2) and bright (Jz = ±1)
heavy hole exciton states. This coupling corresponds to a simultaneous electron and Mn spin flip changing a bright
exciton into a dark exciton. Because of the strain induced splitting of light hole and heavy hole levels, a similar Mn–
hole spin flip scattering is not allowed. The electron–Mn spin flip is enhanced as the corresponding levels of bright
and dark excitons are brought into coincidence by the Zeeman effect. An anti-crossing is observed around 7 T for
five of the bright states in σ− polarization (experiment: Fig. 2 and theory: Fig. 3). It induces a transfer of oscillator
strength to the dark states. In agreement with the experimental results, in the calculations the lower energy state in
σ− polarization (|+1/2〉e|−3/2〉h|+5/2〉Mn) does not present any anti-crossing. In this spin configuration, both the
electron and the Mn atom have maximum spin projection and a spin flip is not possible.

The minimum energy splitting at the anti-crossing is directly related to the electron–Mn exchange integral Ie.
For instance, the splitting measured for the higher energy line in σ− polarisation (Fig. 2), �E = 150 µeV gives
Ie ≈ 70 µeV. From the overall splitting measured at zero field (1.3 meV) and with this value of Ie, we obtain Ih ≈
−150 µeV. These values are in good agreement with values estimated from a modeling of the QD confinement by a
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square quantum well in the growth direction and a truncated parabolic potential in the QD plane. With a quantum well
thickness Lz = 3 nm and a Gaussian wave function characterized by an in-plane localization parameter ξ = 5 nm we
obtain Ie ≈ 65 µeV for a Mn atom placed at the center of the QD.

However, the ratio of the exchange integral, (3Ih)/Ie ≈ −6 for the QD presented in Fig. 2, does not directly reflects
the ratio of the sp-d exchange constants β/α ≈ −4 measured in bulk CdMnTe alloys [30]. Such deviation likely comes
from the difference in the electron–Mn and hole–Mn overlap expected from the difference in the electron and hole
confinement lengths, but it could also be due to a change of the exchange parameters induced by the confinement [40].
A dispersion of the zero field energy splitting observed from dot to dot is then due to a variation of the Mn–exciton
overlap for different QDs. However, the spin Hamiltonian (1) does not reproduce the observed non-uniform zero field
splitting between consecutive lines (Fig. 1(b)). As we will see in the following, a more accurate model has to take into
account the full valence band structure and the heavy-hole light-hole mixing.

4. Geometrical effects on the optical properties of a QD doped with a single magnetic atom

4.1. Influence of an anisotropic strain distribution

Several phenomena can lead to the mixing of light and heavy holes in QDs. First, the symmetry reduction due to
the confinement geometry of the dot has to be considered. In this case, a hole band mixing appears through the non-
diagonal terms of the Luttinger–Kohn Hamiltonian. This mixing is responsible for the linear polarization rate observed
in strongly confined quantum wires [52]. A large wave function anisotropy is needed to reproduce the observed linear
polarization [53]. Such anisotropy can only be obtained in a very elongated confining potential for the holes with
large barriers. This is inconsistent with the observation of huge linear polarization rates in shallow CdTe/ZnTe QDs
presenting a quite weak in-plane asymmetry as revealed by AFM measurements [34]. Another origin of hh–lh mixing
is the coupling of the X and Y valence band states produced by the microscopic arrangement of chemical bonds at
hetero-interfaces [54]. This contribution is expected to be weak in flat self assembled QDs with almost symmetric
interfaces.

As we will see in the following, an efficient mixing can arise from the anisotropic relaxation of strains in the QDs
plane. Influence of strains on hole states has been intensively studied in quantum wells. Two main effects have been
demonstrated, namely the variation of the gap due to hydrostatic strains and the hh–lh degeneracy lift due to biaxial
strains. We will show that in QDs the strain distribution can also be responsible for a strong lh–hh mixing. This mixing
has striking effects on the hole spin anisotropy.

In bulk semiconductor, the spin orbit interaction is responsible for a splitting of the hole states. We only consider
here the lowest energy holes with angular momentum j = 3/2. These |j, jz〉 states can be simply defined using orbital
(X,Y,Z) and spin (↑,↓) eigenvectors:

|3/2,+3/2〉 = −↑X + iY√
2

(2)

|3/2,+1/2〉 =
√

2

3
↑Z − ↓X + iY√

6

|3/2,−1/2〉 =
√

2

3
↓Z + ↑X − iY√

6

|3/2,−3/2〉 = ↓X − iY√
2

Using these notations, the Bir–Pikus Hamiltonian describing the influence of the strain on the valence band struc-
ture is written:

HBP = −av

∑
i

εii − b
∑

i

εii

(
j2
i − 1/3j2) − 2d√

3

(
εxy

jxjy + jyjx

2
+ c.p.

)
(3)

where the abbreviation c.p. is used for circular permutation over x, y and z corresponding to the crystal axes. The
matrices of the angular momentum operator �j can be found in Ref. [47]. εij denotes the ij component of the strain
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tensor and av , b and d are the deformation potentials for the valence band. Using the hole formalism, J. Allègre et al.
found av = 0.91 eV, b = 0.99 eV and d = 2.76 eV for CdTe [49].

While growing CdTe on ZnTe, CdTe is compressed in the growth plane and distended in the growth direction. CdTe
QDs form by deformation of a two dimensional layer induced by strain relaxation. In this formation mechanism, both
elastic and inelastic strain relaxations are involved and one expect each QD to probe a different local in-plane strain
distribution. When studying a particular QD, one has to consider a particular set of values for εij . In the following,
we will mainly consider the effects of strain anisotropy in the growth plane and describe the strain on each QD by an
average value of εxy and εxx − εyy . An non-zero value of the volume average εij can result from a local deformation
of the lattice induced by neighbors QDs or dislocations. In this approximation, the Bir and Pikus Hamiltonian is
reduced to a block-diagonal matrix in the (+3/2, −1/2, +1/2, −3/2) basis:

HBP =
⎛
⎜⎝

P + Q R

R† P − Q

P − Q R

R† P + Q

⎞
⎟⎠ (4)

with,

P = av

∑
i

εii (5)

Q = b

(
εxx + εyy

2
− εzz

)

R = idεxy − b

√
3

2
(εxx − εyy)

Using the hh band as the origin of the energies in the valence band, the strain Hamiltonian can be rewritten as:

HBP =
⎛
⎜⎝

0 ρse
−2iθ ′

s

ρse
2iθ ′

s �lh
�lh ρse

−2iθ ′
s

ρse
2iθ ′

s 0

⎞
⎟⎠ (6)

This notation allows us to introduce useful parameters to describe the strain effects, namely the light-heavy hole
splitting �lh, the strain coupling amplitude ρs and the strain induced anisotropy axis in the QD plane defined by
the angle θ ′

s with respect to the x (100) axis. In the following, we will define angles relatively to the (110) axis
corresponding to the cleaved edge of the sample. We thus introduce the new angle θs = θ ′

s − 45◦. Because of the
strained induced VBM described by the Hamiltonian (6), the general form for the lowest energy hole states is:

∣∣ϕ±
h

〉 ∝ χhh(�r )|±3/2〉 − wlh

whh
χlh(�r )|∓1/2〉 (7)

where wlh(hh) is the probability for the hole to be light (heavy) and χlh(hh)(�r ) its envelope function.
Considering now single Mn-doped QDs, the sp-d exchange interactions between the confined carriers and the single

Mn atom are responsible for a peculiar fine structure of the emission [4]. It has been demonstrated that the hole–Mn
spin interaction is of prime importance in this fine structure, because of its energy range and above all because of the
spin anisotropy of the hole [45,46]. It appears clearly that a valence band mixing will have dramatic consequences
on the emission fine structures of Mn doped QDs. In the heavy hole approximation, a hole acts on the Mn spin as an
effective magnetic field applied along the growth axis, lifting its spin degeneracy. If a mixing of heavy and light holes
is introduced, one has to consider a system of coupled spins in which hole–Mn spin flips becomes possible.

One can find a signature of the valence band mixing in the emission spectra of neutral single Mn-doped QDs [47].
In a Mn-doped QD, the ground state of the exciton is composed of six bright energy levels and six dark energy levels
resulting from the coupling of bright excitons and dark excitons with the six projections of the Mn spin. For a given
exciton spin (±1 or ±2), the six Mn spin projection have different energies. In this system, the hole spin interacts with
both the Mn spin and the electron spin. The effect of an increasing valence band mixing on the excitonic emission
spectrum of a QD is presented on Fig. 4(a). Parameters are chosen to reproduce the features of QD5 emission spectrum
plotted on Fig. 4(b): the e–Mn exchange integral Ie−Mn is set to 70 µeV; the splitting between bright and dark exciton
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Fig. 4. (a) Dependence of the exciton–Mn energy spectrum on the strength of the valence band mixing ρ/�lh. The dotted line corresponds to the
situation of QD6 (ρ/�lh = 0.07). (b) and (c) are the experimental and calculated emission spectra of QD6.

δ0 is chosen equal to 550 µeV, equally divided among the long range and short range e–h exchanges interaction. Other
parameters are the same than in the previous charged exciton calculation.

4.2. Influence of the shape anisotropy

Let us consider now the influence of the electron–hole exchange interaction. We have seen in the case of non-
magnetic QDs that, in first approximation, the only effect of the valence band mixing on the short range e–h exchange
is to couple bright excitons states together. For magnetic QDs, bright states associated with the same Mn spin pro-
jection are thus coupled. This coupling mainly concerns the energy levels associated with Mn spin projections ±1/2
because they are only slightly split by the exciton–Mn exchange interaction. An increase of the valence band mixing
will thus open a slight gap in the middle of the bright exciton fine structure (around 0.25 meV in Fig. 4(a)).

Another gap appears on the low energy side of the structure because of the hole–Mn interaction. As a matter of
fact, simultaneous hole–Mn spin flips couples bright and dark states associated with consecutive Mn spin projections.
The exciton–Mn exchange interaction induces an overlap of the bright and dark exciton fine structure. States coupled
by h–Mn spin flips are therefore quite close to each other and an increase of the VBM, that is to say an increase of
the h–Mn spin flip efficiency, will open a gap between them. This can be observed on Fig. 4(a) around −0.1 meV.
Finally, one may note once again that the overall splitting of the structure decreases as the VBM increases because of
the decrease of the weight of the heavy-hole in the exciton ground state.

Such coupling between bright and dark exciton is observed in the spectrum of QD6 presented in Fig. 4(b). In this
QD, the valence band mixing is quite weak and the gaps induced by the e–h exchange and the h–Mn exchange can
be hardly resolved in the exciton spectrum. Nevertheless, the h–Mn spin flips induced bright-dark coupling is large
enough to give non-negligible oscillator strengths to the dark states. Three “dark” states are then observed in the
emission spectrum. The value ρs/�lh can be estimated to 0.07. Using, this parameter we can calculate QD6 exciton
emission spectrum. The result is plotted on Fig. 4(c). It has been shown in previous work [4] that the exciton–Mn
system is partially thermalized during the exciton lifetime. This results in the increase of the intensity of the lines as
their energy decreases. In the calculation we thus consider that the system has relaxed and that it is characterized by
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Fig. 5. Experimental and calculated polarization resolved photoluminescence of QD6. The intensity maps present the dependence of the emission
on the analyzer angle. The emission spectrum are presented for orthogonal linear analyzer directions (red and black curves).

an effective spin temperature Teff depending both on the phonon bath and on the hot carrier gas produced by the laser
excitation. In Fig. 4(c) Teff = 15 K. With this effective temperature, “dark” states appears in the calculated spectrum
but their intensity is weaker than in the experiment. Moreover, comparing the intensities of the bright lines in the
calculation and in the experiment, we note that we cannot fit the data with an effective temperature smaller than 15 K
in order to increase the “dark” states intensity. These features show that we should not consider a total thermalization in
the exciton–Mn system: If the spin relaxation is partially blocked, it is difficult to thermalize the system. As bright and
dark excitons are created with the same generation rate, the intensities of the associated transitions can be comparable
even though they have different oscillator strengths. This is particularly the case under weak excitation conditions
where the influence of the hot carrier gas spin reservoir is reduced.

We finally consider the neutral exciton fine structure of a single Mn-doped QD that presents an anisotropic in-
plane shape (QD6 presented in Fig. 5). Effects of the long range electron–hole exchange interaction on the emission
spectrum of a single Mn-doped QD were discussed in a former letter [48]. Nevertheless, details of the polarization
properties were not analyzed. Here, we detail these polarization features and show that the VBM is once again nec-
essary to explain them. Fig. 5 presents the linear polarization dependence of the emission spectrum of QD6. The
experimental spectrum show the main characteristics of a quite strong VBM as detailed in Fig. 4(a). The spectrum
presents an overall linear polarization rate of about 25% orientated at θs = 110◦ from the cleaved edge of the sample
and dark states appear on the low energy side of the structure. Two gaps can also be observed: One between the two
first main lines and the other between the third and the fourth lines. However, if these peculiarities were only due
to the combined effect of the VBM and short range e–h exchange, one could expect the third and the fourth lines to
be polarized parallel and perpendicular to the strain direction (110◦). It is not the case and surprisingly, the emission
spectrum also presents non-orthogonal linear polarization directions.

These polarization directions are the signature of a competition between a valence band mixing and long range
electron–hole exchange interaction. The calculation of the emission spectrum of QD6 (right panel of Fig. 5) gives
a good agreement with the experiment using the following parameters: Ie−Mn = 60 µeV, Ih−Mn = 135 µeV, δlr

0 =
δsr

0 = 300 µeV, δ2 = 450 µeV, �lh = 30 meV, ρs/�lh = 0.25 and Teff = 20 K. The strain direction and the dot shape
direction must be roughly perpendicular (80◦) to fit the experiment. The main features of QD6 emission are well
reproduced as presented in Fig. 5.

In anisotropic QDs, the interplay between the electron–hole and exciton–Mn exchange interactions is confirmed
by magneto-optical measurements (Fig. 6). The typical Zeeman splitting of the six lines is clearly observed in the data
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Fig. 6. (a) Intensity map of magnetic field dependence of the emission spectrum of asymmetric Mn-doped dot QD3, for circular polarization σ+
and σ−. (b) Optical transitions obtained from the diagonalization of the spin + Zeeman + diamagnetism Hamiltonian in the subspace of the 24
heavy-hole exciton and Mn spin components; Line thickness and color scale for σ+, σ− are proportional to absolute value of the projection of the
exciton state on the Jz = +1,−1 exciton respectively (green = low intensity, blue = high intensity). The two transitions which are forbidden at all
magnetic fields (|Jz = ±2, Sz = ∓5/2〉) are not plotted.

at all fields, with a strong intensity gradient at the highest fields resulting from a rather strong Mn spin polarization.
For this clearly anisotropic dot, the central gap in the emission structure is maintained in both circular polarizations,
with a small quadratic diamagnetic energy shift. This behavior is explained as follows: The dot anisotropy leads to
successive anticrossings of the ±1 bright exciton states associated with given Mn spin projections (−1/2, −3/2 and
−5/2) as a function of magnetic field: As B increases, transitions associated with the Jz = +1 exciton shift up in
energy whereas the Jz = −1 transitions shift down. The anisotropic part of the electron–hole exchange interaction
mixes successively the Jz = ±1 exciton states associated with Sz = −1/2, then with Sz = −3/2 and finally with
Sz = −5/2 at successively higher B. For QD3, these anticrossings are observed successively at 2.5, 7 and 11 T.

To understand fully the rich magnetic behavior of these anisotropic QDs, we calculated the optical transitions
under magnetic field by diagonalizing the complete Hamiltonian of the electron–heavy hole–Mn system (including
the exchange, Zeeman and diamagnetism Hamiltonians). Calculated transitions are presented in Fig. 6(b). The fitted
Landé factors of the electron (ge = −1.1), the hole (gh = 0.3) and the Mn atom (gMn = 2.0), the splitting between
Jz = ±1 and Jz = ±2 excitons (= 1 meV) and the diamagnetic factor (γ = 2.45 µeV T−2) agree well with previous
work [30,39,4]. Parameters δ2 and δMn were adjusted to fit the zero field data, as explained earlier.

Comparison between calculation and data explains most of the details of the magneto-optic properties. In par-
ticular, around 7 T, the central gap is perturbed in both circular polarizations. In σ−, this is due to anticrossings
induced by the mixing of |se = 1/2, jhz = −3/2, Sz〉 states and |−1/2,−3/2, Sz + 1〉 states by the electron–Mn
exchange, [4], i.e. corresponding to simultaneous spin-flips of electron and manganese spins. In σ+ polarization,
Fig. 6(b) shows that the line of second lowest energy crosses the central gap as an essentially non-radiative transition.
This implies a mixing of |−1/2,3/2,−3/2〉 and |−1/2,−3/2,−1/2〉. This is a second order mixing involving both
mixing of |−1/2,−3/2,−1/2〉 and |1/2,−3/2,−3/2〉 by the e–Mn exchange and mixing of |−1/2,3/2,−3/2〉 and
|1/2,−3/2,−3/2〉 by the anisotropic e–h exchange; that is, the e–Mn exchange induces a mixing of states mediated
by the anisotropy-induced coupling.
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To summarize these geometrical effects, it comes out from this study that an anisotropic stain distribution in the
growth plane and a QD shape anisotropy induce a valence band mixing which strongly modifies the emission spectra
of a single Mn doped QDs. The main observed effects are: (i) the appearance of anti-crossings related to possible
Mn–hole spin-flips; (ii) the separation of the six lines structures into two sets of lines partially polarized; and (iii) the
variation of the linear polarization directions which are no longer perpendicular for the exciton fine structure of a
given QD. The last feature clearly evidences the competition between two types of anisotropy, one coming from the
confinement potential (shape anisotropy) and one coming from the local strain distribution into the dot.

5. Carrier-controlled spin properties of a single magnetic atom

CdTe/ZnTe QDs are p-type modulation doped by the transfer of holes from the p-doped ZnTe substrate and from
surface states that act as acceptors [41,42]. The occupation of the QDs by holes can be controlled by an external bias
voltage V on an aluminium Schottky gate with respect to a back contact on the p-type substrate. The bias dependent
emission of a non-magnetic QD and a Mn-doped QD is presented in Fig. 7. For increasing V, the surface level states
are shifted below the ground hole level in the QDs which results in the single hole charging of the dots. The optically
generated excitons then form charged excitons with the bias induced extra hole in the QD. At zero bias or negative
bias, the Fermi level is above the ground state and the QDs are likely to be neutral. However, the separated capture of
photo-created electron or holes can sometimes charge the dots so that weak contributions of X+ or X− are observed
in the zero bias spectra.

At zero bias, excess electrons can also be injected in the QD using resonant optical excitation into the QD levels.
Under resonant excitation (energy below the band gap of the barriers), optical transitions from delocalized valence
band states to the confined electron levels will preferentially create electrons in the QD [43]: the probability to find
an excess electron in the QD is increased. As presented in Fig. 7(c), the negatively charged exciton emission is then
seen for some discrete excitation energies. After the recombination of the charged exciton X−, a single hole is likely
to be captured to neutralize the QD and creates a neutral exciton. This neutralization process is responsible for the
simultaneous observation of charged and neutral species under resonant excitation (Fig. 7(c)).

The charge state of the dot can also be optically tuned (Fig. 7(c)). By combining a weak non-resonant excitation
with the resonant one, a few carriers are created in the ZnTe barrier. They do not significantly contribute to the
luminescence (lower PL spectra in Fig. 7(c)) but reduce the PL contribution of X− in favor of the neutral species. This
evolution is characteristic of a photo-depletion mechanism in modulation doped QDs [38]. High energy photoexcited
e–h pairs are dissociated in the space charge region surrounding the negatively charged QDs and neutralize the QDs.

These two charge control mechanisms (bias voltage and resonant excitation combined with photo-depletion) allow
one to independently probe the interaction between individual carriers (electron or hole) and an individual magnetic
atom. Let us first consider the negatively charged exciton. Fig. 8(a) presents a detail of the recombination spectrum for
X− coupled with a single Mn atom obtained at zero bias under resonant excitation. Eleven emission lines are clearly
observed with intensity decreasing from the outer to the inner part of the emission structure.

A simple effective spin Hamiltonian quantitatively accounts for the emission spectrum shown in Fig. 8(a). The
emitting state in the X− transition has two conduction band (CB) electrons and one hole coupled to the Mn. The
effect of the two spin-paired electrons on the Mn is strictly zero. Thereby, the spin structure of the X− state is
governed by the interaction of the hole with the Mn. Based upon the results presented in Section 3, we propose the
following Hamiltonian:

Hh−Mn = Ih

(
Szjz + ε

2
(j−S+ + j+S−)

)
(8)

where �S is the Mn spin operator and �j acts on the hole lowest energy doublet. The first term is the spin conserving
or Ising exchange whereas the second is only possible if there are some heavy-light hole mixing [44]. From our
measurements we find that ε is small and, in a first stage, we neglect it. Later we will show its influence. The twelve
eigenstates of Hh−Mn with ε = 0 are organized as six doublets (Fig. 8(b)) with well defined Sz and jz (Mn and hole
spin along the z axis). We label these states as |Sz, jz〉. Recombination of one of the CB electrons with the hole of
the X− state leaves a final state with a single CB electron coupled to the Mn. The spin Hamiltonian of this system
is the ferromagnetic Heisenberg model, He−Mn = −Ie �S · �σe. The twelve eigenstates of the Mn–electron complex are



L. Besombes et al. / C. R. Physique 9 (2008) 885–901 897
Fig. 7. Color-scale plot of the photoluminescence intensity of a non-magnetic QD (a) and a single Mn-doped QD (b) in a Schottky structure as a
function of emission energy and bias voltage. The series of emission lines can be assigned to QD s-shell transitions, namely the recombination of the
neutral exciton (X), biexciton (X2), positively charged exciton (X+) and negatively charged exciton (X−). Detail of the PL of a single Mn-doped
QD under resonant excitation (Eex = 2147 meV), non-resonant excitation (Eex = 2412 meV) and both resonant and non-resonant excitation.
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Fig. 8. (a) Detail of the unpolarized emission spectrum of a negatively charged exciton (X−) coupled with a Mn atom. (b) Scheme of the σ+
optical transitions of (X−,Mn) and their respective PL intensity distribution (c).

splitted into a ground state septuplet (total spin J = 3) and a five-fold degenerate manifold with J = 2. We label them
all as |J,Jz〉.

Thus, for each of the six doublets of X− there are two possible final states after annihilation of an e–h pair, with
either J = 2 or J = 3. From this consideration alone, we would expect twelve spectrally resolved lines. Their weight
is given by both optical and spin conservation rules. Since electrons and holes reside in s and p bands respectively, the
�L = 1 optical selection rule is immediately satisfied. The polarization of the photon imposes an additional selection
rule on �M which is accounted for by the spin of the electron and hole. The Mn spin is not affected by the transition.

The weight of optical transitions between the initial state |i〉 = (↑,↓)e × |Sz, jz〉 and the final state |f 〉 = |J,Jz〉 is
proportional to: |〈f |∑σ P (σ, jz)cσ djz |i〉|2 where cσ annihilates a CB electron with spin σ , and djz annihilates a VB
hole with angular momentum jz. Here P(σ, jz) is given by the polarization selection rule.

Let us consider, for instance, σ+ recombination transitions where the (↓e,⇑h) e–h pair is annihilated. Each of the
six doublets, characterized by their Mn spin projection Sz, can be an initial state. After the electron–hole annihilation,
the resulting state is |Sz,↑e〉 which, in general, is not an eigenstate of He,Mn. The intensity of the optical transition to a
given final state |J,Jz〉 is proportional to the overlap 〈J,Jz|Sz,↑e〉, which is nothing but a Clebsh Gordan coefficient.
The highest energy transition, with σ+ polarization, would correspond to the initial state (↑,↓)e × |+5/2,⇑h〉 and
a low energy final state |J = 3, Jz〉. After the photon emission, the state of the system is |Sz = +5/2,↑e〉 which is
identical to |J = 3, JZ = +3〉 and thereby gives the highest optical weight (Fig. 8(b)). In contrast, emission from that
initial state to |J = 2, Jz〉 is forbidden. The other five doublets have optical weights lying between 1/6 and 5/6 with
both |J = 2, Jz〉 and |J = 3, Jz〉 final states. Thereby, the number of spectrally resolved lines in this model is 11.

The relative weight of the emission lines is accounted for by the model. According to the final state, the transitions
belong to either the J = 2 or the J = 3 series. As the initial Sz decreases, the overlap of |↑eSz〉 to the J = 3 (J = 2)
states decreases (increases). As presented in Fig. 8(c), the PL of X− can be seen as a superposition of two substruc-
tures: six lines with intensities increasing with their energy position (transitions to J = 3 states) and five lines with
intensities decreasing with increasing their energy position (transitions to J = 2 states).

Reversing the role of the initial and final states, and neglecting the small coupling of two holes to the Mn spin [50],
this model should account for the emission from X+ states. Actually, different energy splittings are observed for
the different excitonic species in the same QD. For instance, in QD3 (Fig. 7(c)) one measured �EX = 1.23 meV,
�EX− = 1.36 meV and �EX+ = 0.95 meV. The energy splitting is mostly due to the Mn–hole exchange coupling,
which in turn is inversely proportional to the volume of the hole wave function. The difference between �EX+ and
�EX− indicates that a significant fraction of the confinement of the hole comes from the Coulomb attraction of
the two electrons in the initial state of the X− emission. In contrast, in the final state of the X+ emission, there is
no electron to attract the hole, resulting in a spread of the hole wave function and a smaller exchange energy. This
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Fig. 9. Color scale plot of the dependence of the PL of (X−,Mn) (a) and (X+,Mn) (b) on the direction of a linear analyzer, in the same QD. Three
lines in the center of the structure are linearly polarized. (c) and (d): calculated linearly polarized PL spectra of (X−,Mn) and (X+,Mn) with
exchange integrals Ie and Ih chosen to reproduce the overall splitting for X+ and X− presented in (a) and (b). Transitions are arbitrarily broadened
by 10 µeV. The schemes in (c) and (d) show energy levels involved in (X−,Mn) and (X+,Mn) recombination with valence band mixing. The
central inset presents the energy level scheme of the h–Mn system without and with valence band mixing (VBM).

difference appears directly in the emission structure shown in Fig. 7, where the peak structure of X+ is not well
resolved.

In Fig. 9(a) we show the intensity of X− emission as a function of the direction of a linear analyzer. It is apparent
that the central lines are linearly polarized. This polarization can only be understood if we allow for some spin-flip
interaction between the Mn and the hole (second term in Eq. (8)). Provided that ε � 1, the effect of this interaction
is small both on the wave function and on the degeneracy of all the doublets except the third, which is split, as
illustrated in the inset of Fig. 9. The split states are the bonding and antibonding combinations of |Sz = −1/2,⇑h〉 and
|Sz = +1/2,⇓h〉. These states are coupled, via linearly polarized photons, to the |2,0〉 and |3,0〉 e–Mn complex and
four linearly polarized lines should be observed on the emission spectra as shown in the insets of Fig. 9(c) and (d).
Polarization directions are controlled by the distribution of strains through the Bir–Pikus Hamiltonian [44,51].

We can obtain numerical values of Ih, Ie and ε for the charged excitons comparing the transition probabilities
calculated with model (8) (Fig. 9(c)) to the experimental data. The electron–Mn exchange integral Ie is deduced
from magneto-optics measurements on the neutral exciton [4]. Ih, the hole–Mn exchange integral, is then chosen to
reproduce the overall splitting of the two charged species emission structure. There is a good agreement between
the experimental data (QD3 in Fig. 7(c)) and our model with Ie = 40 µeV, Ih(X) = 150 µeV, Ih(X

+) = 95 µeV and
Ih(X

−) = 170 µeV. The different values of Ih directly reflect the expected variation of the confinement of the hole. The
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main characteristics of the emission spectra are well reproduced, namely the number of emission lines, their intensity
distribution and the linear polarization structure, with a slight valence band mixing coefficient ε = 0.05. This small
value of the valence band mixing coefficient shows that hole–Mn exchange interaction remains highly anisotropic.

6. Conclusion

Let us recall that the precise control of electronic spins in semiconductors is a very active field nowadays, the so-
called spintronics, which needs, besides the potential applications, to have a deep insight of the effects which combine
manipulation of charges and manipulation of spins. In this large field of activity, the development of techniques for
the optical control of single spins in the solid state is motivated by the possibility of using single spins embedded in
nano-structures for the implementation of quantum information processing devices. These devices will be required to
detect and manipulate individual spins and to make them interact with the semiconductor carriers. However, in such
nanometer size system, it is important to tune independently the quantum dot charge states and the magnetic doping
in order to elucidate the interactions with the different charge carriers.

Quantum dots made of a II-VI semiconductor (such as CdTe) in which Manganese atoms randomly substitute
Cadmium (Mn in II-VI’s is an isoelectronic impurity, i.e., it is not electrically active) allow one to tune properly the
various configurations. In particular, we can study the case of a single Mn atom interacting with an excess of one hole,
which is the expected configuration in the world-wide developed III-V semiconductor quantum dots.

We have shown that the injection of a controlled number of carriers in an individual II-VI QD allows us to control
the spin splitting of a single magnetic ion. The exchange interaction with a single carrier acts as an effective local
magnetic field that split the Mn levels in zero-applied magnetic field. We have fabricated a device with electrically
tunable magnetic properties, in analogy with two dimensional DMS based electrically active heterostructures [8–10],
but scaling the number of controlled magnetic atoms down to one and the size of the active region down to a few
nanometers. Micro-photoluminescence experiments have allowed us to identify three magnetically different ground
states corresponding to three charge states (±1e and 0) and to measure the exchange interaction of both a single elec-
tron and a single hole with a single magnetic atom. The final state of (X+,Mn) transition (1h, 1Mn) is non-degenerate
in the absence of external magnetic field. This splitting of the different spin configurations should efficiently increase
the spin relaxation time of both Mn and holes.

The observation of an individual spin in a quantum dot opens new possibilities in information storage. The spin of
an isolated Mn atom should present a relaxation time in the millisecond range. This property could be exploited to
store digital information on a single atom. The device presented here is a first step towards the development of new
memories in which an information digit would be stored on the spin state of an individual atom.
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