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1. II-VI diluted magnetic semiconductors
why II-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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8 electrons brought by each pair of atoms

Te

Cd
Zn: 4s2 3d10

Cd: 5s2 4d10 

Mg: 3s2

Mn: 4s2 3d5    ⇒ spin 5/2

Zinc-blende
structure 

Electronic and spectroscopic properties of semiconductors

RnAtPoBiPbTlHgAuPtIrOsReWTaHfLaBaCs

XeITeSbSnInCdAgPdRhRuMoNbZrYSrRb

KrBrSeAsGeGaZnCuNiCoFeMnCrVTiScCaK

ArClSPSiAlMgNa

NeFONCBBeLi

HeH

VIIIVIIVIVIVIIIIIIII

diluted
magnetic

semiconductors
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8 electrons brought by each pair of atoms

Te

Cd Te: 5s2 4d10 5p6

N: 2s2 2p5    ⇒ acceptor

Zinc-blende
structure 

Electronic and spectroscopic properties of semiconductors

RnAtPoBiPbTlHgAuPtIrOsReWTaHfLaBaCs

XeITeSbSnInCdAgPdRhRuMoNbZrYSrRb

KrBrSeAsGeGaZnCuNiCoFeMnCrVTiScCaK

ArClSPSiAlMgNa

NeFONCBBeLi

HeH

VIIIVIIVIVIVIIIIIIII

p-type
doping
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CdMnTe
QW

CdMgZnTe
Barrier

barrier

Nitrogen
acceptor

Spacer
layer

2D hole gas
maxi 2×1011 cm-2

1/kF=7 à 25 nm

Valence band
configuration

II-VIs modulation-doped magnetic quantum well
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Electronic and spectroscopic properties of semiconductors
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Electronic and spectroscopic properties of semiconductors

Energy of
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conduction
band

(s states)

valence
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(p states) k
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E

Electronic and spectroscopic properties of semiconductors

bandgap

Energy of
electrons

TEM: G.Feuillet

CdTe

ZnTe

TEM: C.Bougerol

Heavy
holesspin-orbit coupling

⇒ light holes and heavy holes
confinement in a quantum well
or a quantum dot
⇒ light-hole - heavy-hole splitting
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Electronic and spectroscopic properties of semiconductors

Energy of
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due to the orbit part (p-state)
optical selection rules
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z
(=quantization axis)
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Zeeman splitting or shift

in a dilute magnetic semiconductor:
- Mn magnetization
- spin density

CdZnTe
substrate

σ+
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−1/2

−3/2

+3/2

kinetic energy
of carriers

carrier density

in the presence of a hole gas:
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1. II-VI diluted magnetic semiconductors
why II-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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( )Mn0B . MHsgc

rrr λμμ +

HM MnMn χ=

Electronic and spectroscopic properties of semiconductors

interaction between one localized spin and one carrier:
(Kondo Hamiltonian)

( )ii RrSs
rrrr

−− δβ .
Spin-carrier interaction: local exchange

ZnMnTe

giant Zeeman effect

AF

eff
Mn TT

xC
+

= 0χ
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[ ]cmHM λχ += MnMn

( )ii RrSs
rrrr

−− δβ .

( )Mn0B . MHsgc

rrr λμμ +

MnMm Pc λχ=

Electronic and spectroscopic properties of semiconductors

interaction between one localized spin and one carrier:
(Kondo Hamiltonian)

Spin-carrier interaction: local exchange

giant Zeeman effect carrier induced
ferromagnetism

χP = Pauli susceptibility

AF

eff
Mn TT

xC
+

= 0χ

PeffF
FAF
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PMn

Mn xCTH
TTT

xC
HM χλ

λχχ
χ 2
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CdMnTe QW
magneto-optical spectroscopy

PL at 2.1K
2.4% Mn
1.6×1011 cm-2
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Haury 1997

Diluted magnetic semiconductors: mean field model in tellurides
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At weak applied magnetic field
in the paramagnetic phase:

enhanced giant Zeeman effect

(2.4% Mn, p=1.6 1011 cm-2)

χ =
+
C

T TAF

χ =
+ −

C
T T TAF F

σ+

σ-

χ ≈
d
dB

Δ

susceptibility

non doped

doped

CdMnTe QW

Haury 1997

Diluted magnetic semiconductors: mean field model in tellurides
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Diluted magnetic semiconductors: mean field model in tellurides
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The spontaneous magnetization
is proportional to the carrier density

effect on the Mn spins

zMnz sS βχ=

Complete hole polarization

( ) pppsz 2
1

2
1 =−= ↓↑

Giant Zeeman splitting

zSβ=Δ

Kossaki '01, Boukari'02

Spontaneous magnetization vs. carrier density?

Experimental manifestations of disorder?



Nano05    - May 10 - 14, 2005    - Dresden

-1

0

1

2

3

0 5 10 15

para

ferro

p [ 1010 cm-2 ]

Te
m

pe
ra

tu
re

 [ 
K

 ]

dependence of the critical temperature on the carrier density
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low energy tail
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Kossacki '01

Experimental manifestations of disorder?
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the hole susceptibility is enhanced by carrier-carrier interactions
onset of full polarization of the hole gas
in a very diluted sample
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Boukari '05, calculation by F.Perez, LPN

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

Maslana '02
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TC from the onset of
spontaneous local magnetization

TCW from the susceptibility
in the paramagnetic phase

TC > TCW

Experimental manifestations of disorder?

Curie-Weiss / critical temperature in CdMnTe quantum wells
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qualitative 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 Tc (electrostatic disorder)

at large Mn content: 
Curie-Weiss vs critical temperature
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1. II-VI diluted magnetic semiconductors
why II-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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single quantum dot for a single photon emission

ZnTe

CdTe

CdTe/ZnTe at 1.5 K
Observation of a single quantum dot

L. Besombes et al., Phys. Rev. B 65, 121314 (2002)

CdTe

ZnTe

laser beam and
detection of PL

mask

typical QD size
20nm x 20nm x 3nm
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= one Mn impurity
with spin 5/2

?

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

CdTe

ZnTe

TEM: C.Bougerol



Nano05    - May 10 - 14, 2005    - Dresden

= one Mn impurity
with spin 5/2

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

CdTe

ZnTe

TEM: C.Bougerol

L. Besombes et al., Phys. Rev. Lett. 93, 207403 (2004)
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♦Reference CdTe/ZnTe QD sample: : 

QD1

Jz=+1

Jz= -1

Jz= - 2

Jz= +2

G.S.

B=0 B=0
e
h

e
h

σ- σ+

meV10 ≈δ

electron: spin 1/2
hole: anisotropic, Jz=±3/2

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

bright exciton

dark exciton
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2±=zJ

1±=zJ

X X+Mn2+

Sz = ±5/2, ±3/2, ±1/2 

Mn2+

-5/2Jz = +1 e
h

Jz = -1 e
h

-3/2

-1/2

+1/2
+3/2

+5/2Jz = +1 e
h

+5/2 

+3/2 

+1/2

-1/2
-3/2

-5/2

excited
state

ground
state

( )ii RrSs
rrrr

−− δβ .

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

Exciton-Mn Exchange Coupling
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Exciton-Mn Exchange Coupling

2±=zJ

1±=zJ

X X+Mn2+

excited
state

ground
state

DMS: a single Mn spin in a single quantum dot.
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Exciton-Mn Overlap

♦Exchange integrals  controlled by the position of the Mn atom.

Decrease of
X-Mn overlap

(vertically)

1.3 meV

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

increase of ellipticity

y

x

y

x
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e
h

Mn2+

Mn2+

DMS: a single Mn spin in a single quantum dot. applying a magnetic field
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e
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DMS: a single Mn spin in a single quantum dot. applying a magnetic field

B
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DMS: a single Mn spin in a single quantum dot. applying a magnetic field

B



Nano05    - May 10 - 14, 2005    - Dresden

e
h

Mn2+

e
h

Mn2+

Mn2+

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

B
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Polarization of the
Mn Spin Distribution

♦Boltzmann distribution of the Mn-Exciton
system: 

latticeeff TT ≠

K5TLatt = Teff=12K

♦Calculated Mn-Exciton energy levels:

0P

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

⇒ T1 << exciton lifetime (ns)
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one Mn spin:
T1, T2 >> ms

T1 << ns
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Spin lattice coupling.

X-Mn complex

Hot carriers in the barrier

Lattice (phonons)

Spin-Spin coupling

one Mn spin:
T1, T2 >> ms

T1 << ns

?
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Excited States in Mn Doped QDs

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

Weaker  exciton-Mn
overlap. 

42 meV

1LO

♦Complex excited states 
Structure: 

-lh
-phonons
-p states
-Indirect transitions

DMS: a single Mn spin in a single quantum dot.
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Spin Selective Excitation of a Single 
Magnetic Atom

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

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

♦Non-equilibrium distribution

The exciton can probe the spin
state of the Mn atom.

Exc: σ+, Det:σ+ Sz = -5/2  … +5/2

♦Residual exchange coupling with
the Mn atom.

DMS: a single Mn spin in a single quantum dot.
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Exc: σ+, Det:σ+ Sz = -5/2  … +5/2

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

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

♦Non-equilibrium distribution

♦Residual exchange coupling with
the Mn atom.

The exciton can probe the spin
state of the Mn atom.

Spin Selective Excitation of a Single 
Magnetic Atom

DMS: a single Mn spin in a single quantum dot.
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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?


