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3. Quantum dots with Mn
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Electronic and spectroscopic properties of semiconductors

Zinc-blende
structure

CdoO
Te O

diluted

magnetic
semiconductors

Zn: 4s2 3d10
Cd: 5s2 4d10
Mg: 3s2

Mn: 452 3d> = spin 5/2

8 electrons brought by each pair of atoms
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Electronic and spectroscopic properties of semiconductors

Zinc-blende
structure
p-type
Cdo doping Te: 5s2 4d10 5pé
N: 2s2 2p> = acceptor
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[I-VIs modulation-doped magnetic quantum well
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layer
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barrier CdMgZnTe
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Valence band

2D hole gas configuration
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Electronic and spectroscopic properties of semiconductors
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Electronic and spectroscopic properties of semiconductors
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Electronic and spectroscopic properties of semiconductors

TEM: G.Feuillet
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Electronic and spectroscopic properties of semiconductors

A
Kb mblsad | 2
(=quantization axis) Energy of
E 1
+1/2
due to the orbit part (p-state) /1/2
optical selection rules
no off-diagonal spin (Ising)
| - G~
orbit ©
l spin
+3/2
3 1
+E :‘+1> _|_§ - / \ Heavy
/ 302 holes
"k
3 1 / =
)73 =
2 2
PR = Nanophysique et
= semiconducteurs
| Laboratojre SPECIFD (=) % I}
WLOWS Néel Nano0O5 - May 10-14,2005 - Dresden = ] * ,



in the presence of a hole gas:

o~ || o

CdZnTe
substrate

-3/2

kinetic energy

Zeeman splitting or shift

of carriers
_ _ in a dilute magnetic semiconductor:
carrier density - Mn magnetization
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1. lI-VI diluted magnetic semiconductors
why 1I-VI's

spectroscopy

2. 2D carrier induced ferromagnetism:
experimental evidences of disorder?

3. Quantum dots with Mn

one single spin in a quantum dot
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Electronic and spectroscopic properties of semiconductors
Spin-carrier interaction: local exchange

interaction between one localized spin and one carrier:  — IB §'Si §(F — Ri )
(Kondo Hamiltonian)

giant Zeeman effect
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Electronic and spectroscopic properties of semiconductors

Spin-carrier interaction: local exchange

interaction between one localized spin and one carrier:

(Kondo Hamiltonian)

glant Zeeman effect
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Diluted magnetic semiconductors: mean field model in tellurides

Haury 1997
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Diluted magnetic semiconductors: mean field model in tellurides

At weak applied magnetic field
in the paramagnetic phase:
enhanced giant Zeeman effect

(2.4% Mn, p=1.6 1011 cm2)
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Diluted magnetic semiconductors: mean field model in tellurides

Dy

PL Intensity (a.u.)
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Control through an
electrostatic gate
in a pin diode: II-VI

barriers
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Experimental manifestations of disorder?

The spontaneous magnetization Spontaneous magnetization vs. carrier density?
IS proportional to the carrier density
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Experimental manifestations of disorder?

Temperature [ K ]
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Experimental manifestations of disorder?

the hole susceptibility is enhanced by carrier-carrier interactions

Zeeman Energy (meV)
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Experimental manifestations of disorder?
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Experimental manifestations of disorder?

Curie-Weiss / critical temperature in CdMnTe quantum wells
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Experimental manifestations of disorder?

Curie-Weiss / critical temperature in CdMnTe quantum wells

SN
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Experimental manifestations of disorder?

Curie-Weiss / critical temperature in CdMnTe quantum wells
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gualitative experimental deviations from the mean field model:

at high carrier density, moderate spin density:
magnetization loops (superexchange) see T.Dietl talk

at low carrier density:
decrease of T, (electrostatic disorder)

at large Mn content:
Curie-Weiss vs critical temperature
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1. lI-VI diluted magnetic semiconductors
why 1I-VI's
spectroscopy

2. 2D carrier induced ferromagnetism:
experimental evidences of disorder?

3. Quantum dots with Mn
one single spin in a quantum dot
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Observation of a single guantum dot
dgieq CdTe/ZnTeat 1.5 K

single quantum dot for a single photon emission
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detection of PL B=0T
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DMS: a single Mn spin in a single quantum dot

f = one Mn impurity

with spin 5/2
TEM: C.Bougerol
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DMS: a single Mn spin in a single quantum dot.

L. Besombes et al., Phys. Rev. Lett. 93, 207403 (2004)

f = one Mn impurity
with spin 5/2

TEM: C.Bougerol
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DMS: a single Mn spin in a single quantum dot.

¢ Reference CdTe/ZnTe QD sample:

electron: spin 1/2
hole: anisotropic, J,=£3/2
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DMS: a single Mn spin in a single quantum dot.

Exciton-Mn Exchange Coupling — /3 §.§i §(F — ﬁ,)

excited
state

ground
state
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DMS: a single Mn spin in a single quantum dot.

Exciton-Mn Exchange Coupling

excited
state

ground
state
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DMS: a single Mn spin in a single quantum dot.

B=0T |13 meV

. Int. (arb. units)
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Exciton-Mn Overlap
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X-Mn overlap
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¢ Exchange integrals controlled by the position of the Mn atom.
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DMS: a single Mn spin in a single quantum dot. applying a magnetic field

e

Mn2+T
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DMS: a single Mn spin in a single quantum dot.

applying a magnetic field
eAFT Mn2+

2

Mn2+T
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DMS: a single Mn spin in a single quantum dot.

ot ] e

applying a magnetic field
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DMS: a single Mn spin in a single quantum dot.
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DMS: a single Mn spin in a single quantum dot. Polarization of the

Mn Spin Distribution

=5K A Teff=12K

A

B TAE T ¢ Boltzmann distribution of the Mn-Exciton
system: T . =T,

attice

1

¢ Calculated Mn-Exciton energy levels:

.
Emission Rate

Energy (meV)

= T, << exciton lifetime (ns)
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one Mn spin:

T, T, >>ms
T,<<ns
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one Mn spin:
T, T, >>ms

Hot carriers in the barrier

lSpin—Spin coupling

/ X-Mn complex
AN

I Spin lattice coupling.

Lattice (phonons)
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DMS: a single Mn spin in a single quantum dot.

Exc. energy (meV)
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¢ Complex excited states
Structure:

-Ih

-phonons

-p states

-Indirect transitions

¢ Broad excited state:
Weak exchange
coupling with the
excited states.

I

Weaker exciton-Mn
overlap.
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DMS: a single Mn spin in a single quantum dot.

Exc: o+, Det:c+
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Spin Selective Excitation of a Single

Magnetic Atom

¢ Residual exchange coupling with
the Mn atom.

g

Select the spin state of the Mn
atom with the excitation energy.

¢ Non-equilibrium distribution

g

Weak relaxation of the X-Mn
during the lifetime of the exciton.

The exciton can probe the spin
state of the Mn atom.
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DMS: a single Mn spin in a single quantum dot.

Exc. energy (meV)

Exc: o+, Det:c+

2116.4

2116.2

2116.0

2115.8

2115.6

2085.5

L|_pJLaboratoire

ha LY Louis Néel

il

1

2086.0 2086.5 2087.0
Det. energy (meV)

2087.5

Nano05

\L. Int. (arb. units)

/

PL. Int. (arb. units)

1 | |

S,=-5/2 ... +5/2
| | L’\‘T"‘
2085 2086 2087 2088

Energy (meV)

0

I | |

2085

2086 2087 2088
Energy (meV)

Spin Selective Excitation of a Single

Magnetic Atom

¢ Residual exchange coupling with
the Mn atom.

g

Select the spin state of the Mn
atom with the excitation energy.

¢ Non-equilibrium distribution

g

Weak relaxation of the X-Mn
during the lifetime of the exciton.

The exciton can probe the spin
state of the Mn atom.
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DMS: a single Mn spin in a single quantum dot.

one single quantum dot, with a single Mn spin inside

with one electron-hole pair

slow dynamics if resonantly excited
spin relaxation

how slow?

spin manipulation?
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