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2005 Agilent Technologies Europhysics Prize for
pioneering investigations of ferromagnetic semiconduct or 
heterostructures and for developing methods of controllin g 
alignment and coherence of the spin of mobile carriers.   This 
paved the way for the emergence of semiconductor spin 
electronics.
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ICT - ways to goICT - ways to go

• improving existing technologies

• disruptive technologies

many ideas around ….
which will win – unknown …
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Disruptive technologies
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SPINTRONICS SPINTRONICS 

• Storing and processing, transferring and 
reading classical information
-- manipulation with magnetization and spin currents

• Storing and processing, transferring, and 
reading quantum information
-- manipulation with single spins

electronic and/or nuclear spins

� Low power memories, processors, and interconnects

I �W�R�W�W�R�W�W�R�W�W�R�W� ����� ����� ����� ����

dissipation less currents



Spintronics  -- materials aspectSpintronics  -- materials aspect

Why to do not combine complementary resources of 
ferromagnets and semiconductors?

� hybrid ferromagnetic-metal/semiconductor structures

TopGaN



Hybrid structures
-- source of local fields

-- source of spin polarised carriers
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Why S-G effect has not yet been observed for 
electrons? - Lorentz force

Why S-G effect has not yet been observed for 
electrons? - Lorentz force
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Mott-Pauli argument



The S-G deviceThe S-G device
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Wróbel et al. (Warsaw), PRL’04



Theoretical studies of spin separationTheoretical studies of spin separation

Sizable spin separation Wróbel et al. (Warsaw), PRL’04

DDDDIEC/ IEC = 2.0%



Spintronics  -- materials aspectSpintronics  -- materials aspect

Why to do not combine complementary resources of ferrom agnets and 
semiconductors?

� hybrid ferromagnetic-metal/semiconductor structures

� ferromagnetic semiconductors – multifunctional materials

TopGaN





• Intrinsic DMS – random antiferromagnets

Cd1-xMnxTe

Zn1-xCoxO

Diluted Magnetic Semiconductors (DMS)

B



Hybrid optical isolators of DMSHybrid optical isolators of DMS

• absorption aaaa(ssss+) > aaaa(ssss-) ���� magnetic circular 
dichroism ���� large Faraday rotation

• optical isolators:

laser CdMnTe

magnet

fiber

QF = p/4

Gaj et al. (Warsaw) SSC’78



• Intrinsic DMS – random antiferromagnets

Cd1-xMnxTe

Zn1-xCoxO

Making DMS ferromagnetic

B

• p+-type DMS – Zener/RKKY ferromagnets

IV-VI: p-Pb 1-x-y-MnxSnyTe

Story et al. (Warsaw, MIT) PRL’86

III-V: In 1-x-MnxAs Ohno et al. (IBM) PRL’92

Ga1-x-MnxAs Ohno et al. (Tohoku) APL’96

II-VI: Cd 1-xMnxTe/Cd1-x-yZnxMgyTe:N QW Haury et al.(Grenoble,Warsaw) PRL’97

Zn1-xMnxTe:N Ferrand et al. (Grenoble, Linz, Warsaw) Physica B’99,  PRB’01

TC »»»» 175 K for x = 0.08

quantum nanostructures and ferromagnetism combined



Magnetisation manipulation
-- electric field



Tuning of magnetic ordering by 
electric field (ferro-FET) (In,Mn)As

Ohno et al. (Tohoku, Warsaw) Nature ‘00
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Tuning magnetic ordering by 
electric field (ferro-FET) (In,Mn)As

Ohno et al. (Tohoku, Warsaw) Nature ‘00
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Light
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Effect of illumination in (Cd,Mn)Te p-i-p diode
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Electric current



spin transfer from carriers
to localised spins

Current-induced domain-wall displacementCurrent-induced domain-wall displacement

j



Yamanouchi et al. (Nature’04);  
PRL’06 (Tohoku, Warsaw)

Domain-wall displacement by current pulses in 
(Ga,Mn)As

Domain-wall displacement by current pulses in 
(Ga,Mn)As

j



What for?What for?

• information writing

• magnetisation switching in spin transistors

• logic

Allwood et al. (London) Science’05
Parkin et al. (IBM) Science’07



When semiconductor spintronics will be 
commercialised?



When semiconductor spintronics will be 
commercialised?

PUREMAT company at the Institute of Physics, PAS, 
in Warsaw monopolised world market of pure Mn and Mg



SEMICONDUCTOR SPINTRONICSSEMICONDUCTOR SPINTRONICS

Tomasz DIETL – Warsaw
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F. Matsukura, H. Ohno – Sendai

S. Kuroda – Tsukuba

support: FENIKS, AMORE, NANOSPIN -- EC V, VI FP

SPINTRA – ESF;
ERATO Project of JST;
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Intel spin gain transistorIntel spin gain transistor

Real spin gain – logic can be cascaded. Patent pendi ng.

Nikonov and Bourianoff, IEEE Trans. Nano., v. 4, no. 2 , pp. 206-214, 

Mar 2005.

1) Holes not 
magnetized

2) Small input current 
magnetizes the 
holes – induced 
phase transition

Seed
spin

1 2



Yamanouchi et al. (Nature’04);  
PRL’06 (Tohoku, Warsaw)

Domain-wall displacement by current pulses in 
(Ga,Mn)As

Domain-wall displacement by current pulses in 
(Ga,Mn)As

j
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Theoretical descriptionTheoretical description

Yamanouchi et al. 
PRL’06 (Tohoku, Warsaw)
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What for?What for?

• information writing

• magnetisation switching in spin transistors

• logic

Allwood et al. (London) Scince’05



Zastosowania przesuwania � cian domenowychZastosowania przesuwania � cian domenowych

• zapisywanie informacji bez cz �Û���Û���Û���Û��ci mechanicznych

• prze ���Ç���Ç���Ç���Çczania namagnesowania w tranzystorze spinowym

S.S.P. Parkin, Spintech 2005.



Zastosowania przesuwania � cian domenowychZastosowania przesuwania � cian domenowych

• zapisywanie informacji bez cz �Û���Û���Û���Û��ci mechanicznych

• prze ���Ç���Ç���Ç���Çczania namagnesowania w tranzystorze spinowym

• wykonywanie operacji logicznych

Allwood et al.



Spin Esaki-Zener Diode

Spin Esaki-Zener diode

Recent experimental results: 
Polarization of electrons up to 70%

How to change spin polarization of holes into 
spin polarized electrons

Tohoku, St. Barbara, IMEC, ...



Esaki -Zener spin -LED of 
(Ga,Mn)As

Van Dorpe et al., (IMEC, Warsaw) APL’04

� Pj »»»» 70%

• P decays at
DDDDVtotal »»»» 0.4 V
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Esaki -Zener spin -LED of 
(Ga,Mn)AsExperiment on three terminal device

Fast decay of
polarization with
bias of 
Esaki-Zener diode

DV @ 0.1 V

Kohda et al. (Tohoku) APL’06



Esaki-Zener diode - Theoretical results
on electron spin current polarization

=P

P decays at DDDDV < 0.1 V

P »»»» 60% (sensitive to p and x)

¯­

¯­

+

-
=

II

II
P

Only essential part of 
the device is considered 
in current calculations

Potential profile from 
Schrödinger + Poisson 
for whole device 

PRB ‘05



Theoretical results on 
electron spin current polarization
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TMR – theoretical results

Experimental:
(Ga,Mn)As/AlAs/(Ga,Mn)As

TMR = 70%, x= 4%
Tanaka and Higo, PRL ‘01

(Ga,Mn)As/GaAs/(Ga,Mn)As

TMR=290%,x =7.4/4.4%
Chiba et al., Physica E ’04

(Ga,Mn)As/(Ga,In)As/(Ga,Mn)As

TMR= 155%,x = 6.1%
Elsen et al., PRB ’05

� ������

PRB ’07

� �����	
� �� �
 ��

(Ga,Mn)As/GaAs/(Ga,Mn)As



TMR – dependence on bias

Chiba et al. (Tohoku), Physica ’04

GaMnAs/GaAs/Ga MnAs
xMn = 3.9 – 7.4 %

GaMnAs/GaInAs/Ga MnAs
xMn = 6.0 %

Elsen et al. (Thales) PRB ’06

Experiments

Commonly observed decrease of TMR with applied bias

� Inelastic magnon scatterings?
� Impurity scattering?
� Small magnitude of Fermi energy?



TMR – dependence on bias
Theoretical predictions

TMR for various GaAs widthsGaMnAs/ GaAs /Ga MnAs:

x = 0.08

p = 3.5 x 1020 cm -3

In agreement with 
experimental data, 
the calculated TMR 
drops rapidly when
the barrier becomes 
wider.



Prospects to replace Si electronics



SPIN FILTERS OF HYBRID SEMICONDUCTOR 
NANOSTRUCTURES

SPIN FILTERS OF HYBRID SEMICONDUCTOR 
NANOSTRUCTURES

-- Stern-Gerlach effect – GaAs Wróbel et al. PRL’04

-- Zeeman barrier – PbTe Grabecki et al. PRB’05

J. Wróbel, G. Grabecki, K. Fronc, A. 	usakowski, T. Di etl*
Institute of Physics, Polish Academy of Sciences, W arsaw

* also at Institute of Theoretical Physics, Warsaw U niversity

collaborators: 
R. Hey, K. Ploog – Berlin
H. Shtrikman – Rehovot
G. Springholz, G. Bauer – Linz

support: ERATO Ohno Semiconductor Spintronics Project of 

Japan Science and Technology Agency



ICT - ways to goICT - ways to go

• improving existing technologies

• discontinuous technologies

many ideas around ….
which will win – unknown …



SPINTRONICS 
spin, not only charge

SPINTRONICS 
spin, not only charge

justification:
spin less sensitive to external perturbations

• Storing but  also processing of  classical information
���� manipulations with magnetisation and spin currents

• Storing and processing of  quantum information
���� manipulations with individual spins



Applications of spin currentsApplications of spin currents

�µ �V�S�L�Q���V�S�L�Q���V�S�L�Q���V�S�L�Q���W�U�D�Q�V�L�V�W�R�U�V�W�U�D�Q�V�L�V�W�R�U�V�W�U�D�Q�V�L�V�W�R�U�V�W�U�D�Q�V�L�V�W�R�U�V

• VECSEL lasers

ssss �������� ssss ��������

�+�+��
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�µdissipationless currents

I �W�R�W�W�R�W�W�R�W�W�R�W� ����� ����� ����� ����
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Spintronics  -- materials aspectSpintronics  -- materials aspect

Why to do not combine complementary resources of 
ferromagnets and semiconductors?

� ferromagnetic semiconductors – multifunctional materials

TopGaN



• magnetic semiconductors
short-range ferromagnetic super- or double exchange
EuS, ZnCr2Se4,... IBM, Tohoku, ETH, Moscow, MIT, ....

La1-xSrxMnO3, ....

• long-range carrier- mediated ferromagnetic exchange

IV-VI: p-Pb1-x-yMnxSnyTe Story et al. (Warsaw) PRL’86

III-V: In1-x-MnxAs   Ohno et al. (IBM) PRL’92

Ga1-x-MnxAs Ohno et al. (Tohoku) APL’96

TC »»»» 100 K for x = 0.05
II-VI: p-Cd1-xMnxTe/Cd1-x-yZnxMgyTe:N QW 

Haury et al. (Grenoble, Warsaw) PRL’97

p-Zn1-xMnxTe:N Ferrand et al. (Grenoble, Warsaw) PRB’01

p-Be1-xMnxTe:N Hansen et al., (Wuerzburg, Warsaw) APL’01

Ferromagnetic semiconductorsFerromagnetic semiconductors

III-V and II-VI DMS:
quantum nanostructures and ferromagnetism combine



Zener/RKKY model of hole-controlled 
ferromagnetism in DMS

Driving force: 
lowering of the hole energy due to redistribution bet ween 
hole spin subbands split by p-d exchange interaction

T.D. et al.,’97-
MacDonald et al. (Austin) ’99-

�N�N�N�N

�( �)

No adjustable parameters

TC ~ bbbb2rrrr (s)
DOS

Essential ingredient: 
Complexity of the valence band structure
has to be taken into account



Mn-based p-type DMS to which p-d Zener model 
has been found to apply

Mn-based p-type DMS to which p-d Zener model 
has been found to apply

10 100

CdTe

InSb

ZnTe

InAs

GaSb

GaAs

Ge

Curie temperature (K)

300

Theory: T. D et al. (Warsaw, Tohoku, Grenoble) Science’00, PRB’97-05
Jungwirth et al. (Austin, Prague, PRB’00-05), also U CSD, NRL, …

Expl.: Tohoku, Kanagawa, Tokyo, Grenoble, PSU, NRL, Notre Dame, UCSB, Nottingham, …

xMn = 5%
p = 3.5x1020 cm -3

• TC »»»» QQQQCW

• TC (p,x) consistent with
p-d Zener model

• not double exchange



p-d Zener model for p-type DMSp-d Zener model for p-type DMS

• the model explains/predicted:

-- TC(x, p, n),  spin polarization, M(T,H) 

-- magnetic stiffness (domain width, spin wave spectrum)

-- anomalous Hall effect

-- magnetoresistance (WLR) and anisotropic magnetoresistance

-- a.c. conductivity and magnetic circular dichroism

-- magnetic disorder effects in II-VI

-- ....
T.D. et al.,’97-
A.H. MacDonald et al. ’99-
D. Kechrakos, N. Papanikolaou, K.N. Trohidou, T.D.,  PRL'05



Spintronic functionalities of ferro DMSSpintronic functionalities of ferro DMS

As metal ferromagnets:

• spin injectors

• GMR, TMR, AMR, PHE

• Kerr effect 

• electric current

� �V�L�P�S�O�H�U���G�H�V�F�U�L�S�W�L�R�Q���¦ �±�V���G�° �P�R�G�H�O���D�S�S�O�L�F�D�E�O�H

Tohoku, St. Barbara, Tokyo, Grenoble, Warsaw, Orsay ,...



Magnetisation manipulation unique to magnetic 
semiconductors:

• dimensionality 

• light

• electric field

• epitaxial strain

Tohoku, Tokyo, Grenoble, Warsaw, Wuerzburg, Notting ham,...

Spintronic functionalities of ferro DMSSpintronic functionalities of ferro DMS



Spintronics  -- materials aspectSpintronics  -- materials aspect

Why to do not combine complementary resources of 
ferromagnets and semiconductors?

� hybrid ferromagnetic-metal/semiconductor structures

� ferromagnetic semiconductors – multifunctional materials

TopGaN



Intel

Spin devices may take over earlier than expected
provided nanotechnology will not loose public acceptance



Effect of micromagnets’ magnetisation on IECEffect of micromagnets’ magnetisation on IEC

S-G mode

< By > = 0

¶¶¶¶By /¶¶¶¶y ¹ 0

Zeeman mode

< By > ¹¹¹¹ 0

¶¶¶¶By /¶¶¶¶y »»»» 0


