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• Motivation (recent experiments of phase coherent transport in 
ferromagnetic systems)

• Introduction to theory of disordered metals

• Analog of Universal Conductance Fluctuations in nanomagnets

Outline:
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Physical System we are Studying [2]
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••AharanovAharanov--BohmBohm
contributioncontribution

•• SpinSpin--Orbit EffectOrbit Effect

Data/Pictures: Y. Data/Pictures: Y. WeiWei, X. Liu, L. Zhang and D. , X. Liu, L. Zhang and D. DavidovicDavidovic, PRL (2006), PRL (2006)
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Physical System we are Studying [3]
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Universal Conductance Fluctuations

[[MaillyMailly and and SanquerSanquer (1992)](1992)]

Theory: Lee and Stone (1985), Theory: Lee and Stone (1985), AltshulerAltshuler (1985)(1985)

[C. Marcus][C. Marcus]



Review of Diagrammatic Perturbation 
Theory (Kubo Formula)
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Calculating Weak Localization and UCF
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Calculation of UCF Diagrams
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Effect of Spin-Orbit
(Half-Metal example) [1]

Ferromagnet

DOS(E)DOS(E)DOS(E)DOS(E)

Fermi EnergyFermi Energy

EnergyEnergy

Spin DownSpin DownSpin UpSpin Up

Half Metal



Effect of Spin-Orbit
(Half-Metal example) [2]
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Calculation of C(m,m’) in Half-Metal
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Results for Half-Metal

D=3, Done NumericallyD=1, Analytic Result
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We can estimate correlation angle
for parameters and find about five
UCF oscillations for 90 degree change
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Full Ferromagnet
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Half MetalHalf Metal FerromagnetFerromagnet

V
qqVV

kkkmiVV

so

so
q

so
q

Fkk
so

kk

πυτ
δ
2

)'(

/)'(

'

2
''

−
=><

×⋅− −−

GGGGGGG

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ⋅−
+−

so

mmiDq
τ

ωτ '1
1

2
GG

2
21'

'

/)'()( F
yxz

kk
so

z
zkk

kkkeemiV

EV
GGGGG

GG

×⋅++−

+

−

−

αβ

αβ

σσσ

σ

soTE
A

τ
θcos1−

=

EquationDiffusion  of
 sEigenvalue are )(2 θAn +

EquationDiffusion  22 of

 sEigenvalue are )(2

×

+∑± ± θan
nλ



Results for C(m,m’) in Ferromagnet
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Limiting Cases for m = m’

1/1511/150StrongFerromagnet
4/1521/151/15WeakFerromagnet
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Conclusions:

Showed how spinShowed how spin--orbit scattering causes orbit scattering causes MesoscopicMesoscopic Anisotropic Anisotropic 
MagnetoconductanceMagnetoconductance Fluctuations in halfFluctuations in half--metals (This is the analog of UCF metals (This is the analog of UCF 
for for ferromagnetsferromagnets))

This effect can be probed experimentallyThis effect can be probed experimentally
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Magnetic Properties of Nanoscale
Conductors

Shaffique Adam

Cornell University

Backup Slides



Introduction to Phase Coherent Transport

A
I V

Sample dependent fluctuations areSample dependent fluctuations are
reproducible (not noise)reproducible (not noise)

Ensemble AveragesEnsemble Averages

Need a theory for the mean <G> and Need a theory for the mean <G> and 
fluctuations <GG>fluctuations <GG>

Smaller and colder!Smaller and colder!

[Mailly and Sanquer, 1992]

Image Courtesy (L. Image Courtesy (L. GlazmanGlazman))
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Introduction to Phase Coherent Transport [2]

Impurities

Electron

Electron diffusing in a dirty metal
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Introduction to Phase Coherent Transport [3]

For no magnetic field, the phase depends
only on the path.  

Every possible path has a twin that is
exactly the same, but which goes 
around in the opposite direction.

Because these paths have the same flux
and picks up the same phase, they can
interfere constructively.

Therefore the probability to return to the
starting point in enhanced (also called
enhanced back scattering).

In fact the quantum probability to return
is exactly twice the classical probability

Weak Localization in Pictures
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Introduction to Phase Coherent Transport [4]

Weak Localization in Equations

fluxpath,~µφ
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mGmGmGC ><−>′<=
GGG )()()()( 2θ

2~ πθc

Aharanov-Bohm
contribution

Spin-Orbit Effect

10~ πθc
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Density of States quantifies how closely packed are energy levels.
DOS(E) dE = Number of allowed energy levels per volume in energy window 

E to E +dE

DOS can be calculated theoretically or determined by tunneling experiments

Fermi Energy is energy of adding one more electron to the system (Large energy because 
electrons are Fermions, two of which can not be in the same quantum state).

DOS(E)DOS(E)

EnergyEnergy

Fermi EnergyFermi Energy
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DOS(E)DOS(E)

EnergyEnergy

Fermi EnergyFermi Energy DOS(E)DOS(E)DOS(E)DOS(E)

Fermi EnergyFermi Energy

EnergyEnergy

Spin DownSpin DownSpin UpSpin Up
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• Magnetic Field shifts the spin up and spin 
down bands

Spin DOS 

Ferromagnet

DOS(E)DOS(E)

Fermi Energy

Energy

Spin DownSpin Up

Half Metal
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Weak localization (pictures)
For no magnetic field, the phase depends
only on the path.  

Every possible path has a twin that is
exactly the same, but which goes 
around in the opposite direction.

Because these paths have the same flux
and picks up the same phase, they can
interfere constructively.

Therefore the probability to return to the
starting point in enhanced (also called
enhanced back scattering).

In fact the quantum probability to return
is exactly twice the classical probability
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Weak localization (equations)
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Weak Localization and UCF in Pictures

<G><G>

<G G><G G>
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Introduction to Quantum Mechanics 
Energy is Quantized 
Wave Nature of Electrons (Schrödinger Equation)

Wavefunctions of electrons in the 
Hydrogen Atom (Wikipedia)

Scanning Probe Microscope Image of 
Electron Gas (Courtesy A. Bleszynski)




