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Spin dependent electronic transport 
(Magnetotransport properties of metals 

and semiconductors: introduction) 
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Magnetism Department was founded more than 70 years ago.

The hysteresis loop was measured in MSU 
by Prof. Stoletov in 1872. 

Stoletov,  Arkad’ev,  Landau,  Kapitza,  Kondorski

The main topics:
• Advanced Magnetic Materials (nanostructures, soft and hard, 
amorphous and nanocrystalline, thin films, ribbons, microwires, 
carbon nanotubes, multilayers “ferromagnet/superconductor” etc)
• Spintronics
• Magnetophotonics (magnetooptics, magnetophotonic crystals)
• Room temperature dilute magnetic semiconductors and oxides
• Magnetic liquids and polymers
• Magnetic sensors
• Biomagnetism

36 departments,
2500 students
400 PhD students
800 staff



Outline

• Introduction 
• Resistivity (Mooij correlation)
• Magnetoresistance (AMR, injection MR, organic MR)
• Anomalous Hall effect : Basic mechanisms
• Anomalous Hall effect in heterogeneous alloys
• Anomalous Hall effect in diluted magnetic semiconductors.
• Can the  presence of anomalous Hall effect serve as an
evidence of spin polarization of current carriers ?
• Recent experimental data on TiO2:Co 
•Conclusions 

“I swear to tell the truth, all the truth  and 
nothing but the truth”



Present and Future of Hard-Disks
IBM has 
demonstrated a 
GMR head with an 
areal density 
capability greater 
than 35.3 billion 
bits per square inch, 
and laboratory 
demonstrations 
beyond 50 Gbits/in2

have been reported, 
indicating that 
future disk drives 
could exhibit 
capacities at least 
two times higher 
than today. 

Disk drives will continue to be enhanced through the use of MEMS micro-
actuators, fluid bearing spindle motors and even split or multiple actuators. 
Also, new data storage techniques, as holographic storage are on horizon.

http://www storage ibm com/technolo/grochows/g19 htm





12 atoms of Fe – artificial antiferomagnet

Tunnel microscope 
manipulation

The smallest magnetic memory cell

1 byte =8 bit=96 atoms
Nowaday -108 atoms



Electronics, Micro- and Nanoelectronics Charge of Electron 

SPINTRONICS=  SPIN+TRANSPORT+ELECTRONICS         
(1992)   

Spintronics Charge + Spin of Electron

Spin control and manipulation 

Spin current without  dissipation!!!!? 

Quantum  Computers





Future: From charge current to pure spin current

Spin Hall Effect



Mooij correlation in metals

RESISTIVITY 



Resistivity in ferromagnetic metals 



Resistivity: GaAs:Mn

See, reviews of T. Jungwirth



σ= σ0exp(-Ea/kT)

σ= σ0exp(-T0/T)s   

s=1/4  Mott  (VRH)
s=1/2 Efros-Shklovski (VRH + Gap)
s=1    Activation

100 120 140 160 180 200 220 240 260
4,5

5,0

5,5

6,0

У
де
ль
но
е 
со
пр
от
ив
ле
ни
е 

(м
О
м•
см

)

Температура (К)

Resistivity in TiO2:Co

Yu. Mikhailovski

SPH =small polaron hopping (T>ΘD/4)
σ= σ0T–α exp(-W/kT)
A.Yildis et al. JAP 2010



1856
Thompson

Permalloy:   AMR=4-5% at 
300 K, H=5 Oe

,% 1% /MR Oe
H

=



∆ρ/ρ=0.01(α-1)

α=ρ /ρ





AMR in GaAs:Mn

No data in TiO2:Co



Novel types of magnetoresistance

2009

Co

SiO2

GaAs

IMR

105%

Ni CuPolymer

Lachinov et al. 

108%



Ni-polymer-Сu

Lachinov 2009
800 nm



ORGANIC MAGNETORESISTANCE 

Francis  2004 

W. Wagemans et al.  SPIN, vol.1. no.1 p.94 ( 2011)



Lorentz Force

1879

0xy R Bρ =

Ordinary Hall effect 

Spin-Orbit Coupling

1880

Anomalous Hall effect

0xy ahR Bρ ρ= +

B=H+4πM(1-N)

ρah=4πMz



Spin-orbit coupling
VH

Vxx

I

B



0 4H z s zR B R Mρ π= + Hall Effect

Nagaosa et al. 
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(1) Karplus-Luttinger Intrinsic (1954)
Anomalous velocity

2
int int xxρ σ ρ=

r- space curvature

G. Sundaram and Q. Niu,
Phys. Rev. B 59 (1999) 14915.
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S. Onoda, N. Sugimoto, N. Nagaosa, PRL, 97, 126602 (2006)



(2) Skew-scattering (Smit, 1955)

(3) Side-jump (Berger, 1970)

( ) ( )dV r
dr

⋅s L

( ) ( )dV r
dr

⋅s L

ah xxρ αρ=

2
ah xxρ βρ=

2
ah xx xxa bρ ρ ρ= + Intrinsic or Extrinsic ?!

c«1
(T=0)



Size-effects 
Weak localization
Electron-electron interaction
Short –range order

No doubt that at T=0 and 
low impurity concentration 
AHE is due to skew 
scattering

2
0 0( )sc

sR a bρ ρ= +
Only T=0 and low impurity concentration



Intrinsic and Extrinsic  ?

2
ah xx xxa bρ ρ ρ= +

2 2
0 0ah xx xx xxbρ αρ βρ ρ= + +

Extrinsic Intrinsic 
Jin et al. 2012 –ICM2012



Rs=c(1-c)(1-2c+f)
Skew scattering for disordered
alloys at T=0
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sR Aρ=
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2( ) s j
sR B ρ=

1.6 1 .8( )xy xxσ σ −∞0.4 0.2( )sR Dρ −=

ρ
<1 µΏcm 

<100 µΏcm 

>100 µΏcm 

AEH in hopping 
1.5( )xy xxσ σ∞

A.Vedyaev and  A.Granovsky,  Phys. Solid State 28, 2310 (1986).

Nagaosa

JETP Lett. 2000
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Giant Hall effect in NiFe-SiO2

A. Pakhomov 1994



Conclusion 1-bad news

If magnetization in the sample is due to ferromagnetic or
superparamagnetic clusters the sample exhibits AHE and AHE 
resistivity is linear to magnetization. 
Observation of AHE can not be considered as  a strict evidence of 
intrinsic ferromagnetism in diluted magnetic semiconductors 

There is no correlation
between AHE and 
resistivity in  

heterogeneous alloys



Two basic models and 4 types of SOI

Itinerant Magnetism Localized Magnetism

•ŝ
Ŝ

Spin of current carrier 
(electron or hole) with its 
orbital moment 

Orbital moment of current carrier
with localized spin



Conclusion 2 – bad news

AHE may exist even if there is no spin polarization of 
charge current carriers 

Observation of AHE in diluted magnetic 
semiconductors and oxides is not strict evidence of spin 
polarization of charge carriers



2
2

2
2

( ) ( )
,

4 ( ) 4

( ) ( )
,

( )

xy z xy z
s

z xx xy z

xy z xy z
o

z xx xy z

M M
R

M M

B B
R

B B

σ σ
ρ

π σ σ π

σ σ
ρ

σ σ

= ≈
+

= ≈
+

2

2

( ) (0)( )
(0)

z z
z

s

H MH
M

ρ ρρ β
ρ ρ

−∆
= =

2

2

2

2

( )
(1 ) ,

4
( )

(1 ) ,

x y z z

z s

x y z z

z s

M MA
M M
B MC

B M

σ
α

π
σ

γ

= +

= +

Conclusion 3 – be carefull
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Магнитное поле (Э)

Yu. Mikhailovsky





THANK YOU !


