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� An Overview of  Spintronics

In This Lecture:

Some of  the material is complied from the following sources:

Yunbo Zhang, Shanxi University
Shun-Qing Shen, University of  Hong Kong
David Awschalom, and Nitin Samarth



Spintronics:
• Conventional electronics has ignored the spin of  electrons!

• In addition to their mass and electric charge, electrons have an 

intrinsic quantity of  angular momentum called spin, almost as if  

they were tiny spinning balls.

• Associated with the spin is a magnetic field like that of  a tiny bar 

Objective:
To create a revolutionary new class of  electronics based on the

spin degree of  freedom in additional to, or in the place of, the 

charge degree of  freedom.

• Associated with the spin is a magnetic field like that of  a tiny bar 

magnet lined up with the spin axis.



Advantages of  Spin

• Information is stored into spin as one of  two 
possible orientations [classical bit]

• Electron spin lifetime is relatively long, on the order 
of  nanoseconds; nuclei have milliseconds or more

• Spins can be injected/detected optically as wellSpins can be injected/detected optically as well

• Spin devices may combine logic and storage 
functionality eliminating the need for separate 
components

• Magnetic storage is nonvolatile

• Superposition of  spin states paves the way to 
quantum computers [quantum bit]



Early History of  Spin

• Pauli’s fourth quantum number

• Goudsmit and Uhlenbeck’s proposal of  spin 
encouraged by Ehrenfestencouraged by Ehrenfest

• Stern-Gerlach experiment

• Dirac’s equation and Exclusion Principle



Wolfgang Pauli

• Born 1900 in Vienna, died 1958 in Zurich 

• Wolfgang Pauli’s fourth quantum number

Principle quantum number, n, size of  the orbital in an atom

Orbital quantum number, l, shape of  the orbital in an atom

Magnetic quantum number, m, orientation in space of  the orbital Magnetic quantum number, m, orientation in space of  the orbital 

To distinguish between the two electrons in an orbital, we need a fourth

quantum number!!!

• In January 1925 Pauli had proposed that the electron should be 

given an additional fourth quantum number which was a half  

integer



• This was one of  the clues which led Uhlenbeck to arrive at the idea 

of  electron spin. He wrote

... it occurred to me that , since (I had learned) each quantum number 

corresponds to a degree of  freedom of  the electron, Pauli’s fourth quantum 

number must mean that the electron had an additional degree of  freedom --

in other words the electron must be rotating.

Wolfgang Pauli

in other words the electron must be rotating.

� Pauli (eventually) realized the 

importance of  the extra angular 

momentum and postulated his 

exclusion principle (1945 Nobel Prize), 

which led to the quantum statistics of  

Fermi-Dirac distribution.



• Pauli is infamous for a number of  scathing remarks directed at his 

colleagues. Of  one colleague's paper, he is purported to have said

"This isn't right. This isn't even wrong."

• Pauli Effect: It was a standing joke among Wolfgang Pauli's 

colleagues that the famed theoretical physicist should be kept as far 

Wolfgang Pauli

colleagues that the famed theoretical physicist should be kept as far 

away from experimental equipment as humanly possible. His mere 

presence in a laboratory, it was said, would cause something to go 

wrong: the power would fail, vacuum tubes would suddenly leak, 

instruments would break or malfunction... Indeed, such was the 

frequency of  Pauli-related incidents that the strange phenomenon 

came to be known as the 'Pauli Effect'. 



• Samuel Abraham Goudsmit and 

George Eugene Uhlenbeck, two 

graduate students of   Ehrenfest (later 

assistants) at the University of  Leiden in 

Netherlands

Uhlenbeck- Goudsmit Contribution

Netherlands

• In 1925 Uhlenbeck and Goudsmit 

postulated the existence of

a new intrinsic property of  particles that behaved like 

an angular momentum.



• This intrinsic property was later termed spin by Pauli, however, 

the image of  a spinning sphere is not likely an accurate one. This 

new property needs to be viewed as an intrinsic property like 

mass and charge that is particular to a given type of  particle. 

Note that, unlike mass and charge, there is no classical analog to 

Uhlenbeck- Goudsmit Contribution

Note that, unlike mass and charge, there is no classical analog to 

spin!

• Spin angular momentum measurement yields only 2 possible 

values,        , therefore, should have an associated magnetic 

moment
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• It is found that good fits to experimental data are obtained when 

g=2, which means that the spin gyromagnetic ratio, defined to be             

is twice as large as the orbital gyromagnetic ratio . 
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Uhlenbeck- Goudsmit Contribution



The Stern-Gerlach experiment
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In an inhomogeneous magnetic field there is a 
force on the atoms which depends on m
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Direction of force tends to decrease the magnetic potential energy

So atoms in different internal angular momentum states will 
experience different forces and will move apart. So if we pass a beam 
of atoms through an inhomogeneous B field we should see the beam 
separate into parts corresponding to the distinct values of m.

Predictions:

1. Beam should split into an odd number of  parts (2ℓ+1)

2. A beam of atoms in an s state (e.g. the ground state of 
hydrogen, n = 1, ℓ = 0,   m = 0) should not be split.



The Stern-Gerlach experiment (2)
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Beam of  atoms with a single electron in an s state (e.g. silver, hydrogen)

Study deflection in inhomogeneous magnetic field.  Force on atoms is
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Results show two groups of  atoms, deflected in opposite directions, with 
magnetic moments

Bµ µ= ±

Consistent neither with classical physics (which would predict a continuous 
distribution of  µ) nor with our quantum mechanics so far (which always predicts an 
odd number of  groups and just one for an s state).

N



The Stern-Gerlach experiment (3)



A complete set of  quantum numbers

Hence the complete set of  quantum numbers for the electron in the H atom is: 
n,l,m,s,ms with s = ½ and ms = +/- ½. These correspond to a full wavefunction
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Note that the spin functions χ do not depend on the electron spatial 
coordinates r,θ,φ; they represent a purely internal degree of  freedom. 

H atom in magnetic field, with spin included:
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Relativistic Quantum mechanics

The Dirac equation in the form originally proposed by Dirac is:

Paul A. M. Dirac

where m is the rest mass of  the electron, 
c is the speed of  light, 
p is the momentum operator, 
x and t are the space and time coordinates, 
ħ = h/2π is the reduced Planck constant



Relativistic Quantum Mechanics Effect:

Spin-Orbit Interaction: A relativistic effect of  transformation of  electric field to a 
magnetic field in the rest frame of  the electron
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Categories of  Spintronics

Metal-based:

• Ferromagnetic metal based devices: read head (GMR), 

MRAM,…

Semiconductor-based:Semiconductor-based:

• Spin transport in semiconductors: ultrafast switches, fully 

programmable all-spintronics microprocessors,… 

• Manipulation of  quantum spin states of  individual electrons, 

nuclear spin and magnetic clusters: quantum logic gates,… 

• Devices based on spin current in semiconductor



GMR

• 1988 France, GMR discovery is accepted as birth 
of  spintronics

• A giant magnetoresistive device is made of  at 
least two ferromagnetic layers separated by a least two ferromagnetic layers separated by a 
spacer layer

• When the magnetization of  the two outside layers 
is aligned, lowest resistance

• Conversely when magnetization vectors are 
antiparallel, high R 

• Small fields can produce big effects

• parallel and perpendicular current



Parallel Current GMR

• Current runs parallel between the 
ferromagnetic layers

• Most commonly used in magnetic read 
heads

• Has shown 200% resistance difference • Has shown 200% resistance difference 
between zero point and antiparallel states



Spin Valve

• Simplest and most successful spintronic
device

• Used in HDD to read information in the 
form of  small magnetic fields above the 
disk surfacedisk surface



MRAM

• The spin transfer mechanism can be used 
to write to the magnetic memory cells

• Currents are about the same as read 
currents, requiring much less energy



Semiconductor-based Spintronics
Advantages:

• Unparalled storage capacity of  magnetic memories

• Computing power of  semiconductor logic

• Relatively long-lived quantum coherence of  spin states in semiconductors

Breakthrough: Spintronics without magnetism !Breakthrough: Spintronics without magnetism !

• Relies on our ability to manipulate carrier spins via spin-orbit interaction

Two conceptually different processes:

•Spin-dependent scattering of  relativistic electrons by Coulomb potential

(Mott 1929)

•Acuisition of  a geometric phase



Rashba Effect: Electric field via structural inversion asymmetry
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Electric current and spin current

Spins of 
charge 

carriers are 

Electric current

carriers are 
random

Two-
component 
model for 

spin 
current



What is the spin current?

Electrons carry both charge and spin  which may have 

two components: up and down. 

↓↑ −= jj
If the currents of electrons 
for different spins are not 
equal, 
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Spin Hall Effect

D’yakonov and Perel, 1971, Hirsch, 1999, Hu et al 2003

Murakami et al, 2003, Sinova et al, 2004, Shen, 2004



Detecting Spins: Kerr Rotation

Kato, Myers, Gossard, and Awschalom, Science (2004)



Kerr Rotation Microscopy

Kato, Myers, Gossard, and Awschalom, Science (2004)



Detecting Single Electronic Spin



Detecting Single Electronic Spin



Detecting Single Nuclear Spin

Challenge:

Magneton: 

Bohr (electron) magneton: 58 µeV/T
Nuclear magneton: 32 neV/T
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Detecting 

Single

Nuclear 

Spin



Single-shot Single Nucleus Measurement

Neumann et al., Science 329, 542 (2010)


