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Spin ElectronicsSpin Electronics

Conventional electronics has ignored the spin in the electron:

• Code information into the ↑ and Ø channels

• Manipulate the ↑ and Ø electrons independently

• Exploit magnetic and electric fields

Source of spin-
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e = 1.6 10-19 C

m = eh/2m = 1mB
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1. Half Metals1. Half Metals

— A magnetically-ordered metal with a
fully spin-polarised conduction band

           P = (N↑ -N Ø)/ (N ↑ +N Ø)

— Metallic for ↑ electrons but
semiconducting for Ø electrons. Spin
gap D↑ or DØ

— Integral spin moment n mB

— Mostly oxides, Heusler alloys
DØ

3d
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P=45%

P=100%

MR = 2P/(1 + P2)



  

Type I half metalsType I half metals

Examples: CrO2; NiMnSb Fe3O4, Sr2FeMoO6;
     (Co1-xFex)S2 Mn2VAl
     (La0.7Sr0.3) O3

Type IBType IA

EF
DØ

EF
D↑ Dsf

Dsf DØ



  

2. Semimetals2. Semimetals

EF

Semimetal

— A metal with very slight overlap of 
valence and conduction bands

— Equal numbers of electrons and holes

— Examples: graphite, Bi, As



  

Spin diffusion lengths (nm)Spin diffusion lengths (nm)
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Mobility of semiconductors,Mobility of semiconductors,
semimetals and metalssemimetals and metals
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Magnetic semiconductorsMagnetic semiconductors

Carbonado diamonds (meteoritic origin?) are strongly
magnetic
But the magnetism is due to metallic iron inclusions !

C (diamond)
Si
GaN
GaAs
InAs
ZnO
ZnTe

Curie temperatures of semiconductors with
5 at% Mn

Dietl et al 2001
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Ferromagnetic carbon ?Ferromagnetic carbon ?

• Rhombohedral C60
   Makarova T. L. et al, Magnetic

Carbon, Nature 413 716 – 718 (2001)

  ss = 0.09 Am2kg-1 or 0.0002 mB/C
  Tc ~ 500 K

Magnetic field (kOe)

•Rock graphite

ss = 0.005 Am2kg-1 or 0.00001 mB/C
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The Canyon Diablo MeteoriteThe Canyon Diablo Meteorite

ß A type IAB iron meteorite
ß Origin: Impact of an asteroid with carbonaceous chondritic composition
with another asteroid having a molten iron-nickel core
ß Mass ~ 50,000 t
ß Impact in the Arizona desert ~ 50,000 years ago
ß Peculiar feature; rounded graphite-rich nodules
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Graphite nodules: MagnetizationGraphite nodules: Magnetization

Each part of every powder is strongly
ferromagnetic

• Ten samples: 0.1 – 0.5 g
ss = 21 – 70 Am2kg-1

          average 41.4 Am2kg-1

     m0Hc = 6 – 8 mT

• Milligram pieces:
      ss = 6 – 185 Am2kg-1

cf  Magnetite ss ~ 80 Am2kg-1

       Kamacite ss ~ 216 Am2kg-1

       Schreibersite ss ~ 146 Am2kg-1
0 150 300 450 600 750 900

75

80

85

90

95

D
w

 (
m

g)

T(ºC)

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
-60

-40

-20

0

20

40

60

s
 (

J/
T

kg
)

m0H (T)

C
Fe3O4

Fe-Ni



  

Graphite nodules: Magnetic phasesGraphite nodules: Magnetic phases
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Magnetism of meteoritic graphiteMagnetism of meteoritic graphite

There is a significant residue unaccounted for by known
ferromagnetic phases; it is associated with graphite.

sg = 24 Am2kg-1 or 0.05 mB/carbon

Explanations?
•Intrinsic moment due to a specific defect structure
•Moment induced by embedded
ferromagnetic particles
Magnetic proximity effect.

M

rls



  

Magnetic Proximity EffectMagnetic Proximity Effect

How could we detect a small induced moment in graphite ?

A uniformly-magnetized ferromagnetic thin film produces no
stray field, whatever the direction of magnetization.

  

The stray field of the graphite tube could be detected by magnetic
force microscopy



  

MFM on CuMFM on Cu

Topographic AFM image Magnetic MFM image

Multiwalled carbon nanotube shows no magnetic contrast on Cu



  

MFM on magnetiteMFM on magnetite

Topographic AFM image Magnetic MFM image

Magnetite is a half-metal; charge transfer at the contact is 100 %
spin polarized.

This level of stray field implies M ≈ 10 kA m-1, m ≈ 0.01 mB/C



  

ConclusionsConclusions

• Spin control will add a new dimension to electronics

• Ferromagnetic semimetals or semiconductors are needed for
new, laterally-patterned spin electronic devices

• Meteoritic graphite is ferromagnetic; m ~ 0.05 mB/carbon; Tc ~
600 K. Magnetism may be due to spin-polarised charge-transfer
at interfaces with magnetite or kamacite

• Evidence for contact-induced ferromagnetism for nanotubes on
magnetite or cobalt, m ~ 0.01 mB/carbon.

• New field of carbon-based spin electronics ?

Thanks to the group www.tcd.ie/Physics/Magnetism and SFI


