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Electron Spin

Stern-Gerlach Experiment

The experiment of Stern and Gerlach showed the existence of electron spin. The z
component of spin angular momentum has two components +1/2 or -1/2

@ A beam of atoms is directed parallel to the y-axis.
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@ Specially shaped magnet poles produce a
strongly nonuniform magnetic field that exerts a Magnet | Glass plate

net force on the magnetic moments of the atoms. v detector

@ Each atom is deflected upward or downward
according to the orientation of its magnetic moment.
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Introduction to Spintronics

Conventional Electronics: Use of devices where the flow of
charge particles are manipulated by external fields.

Spintronics: Devices where electron spin is manipulated.
Usually requires creating of non-equilibrium spin density. The
spins are manipulated by external fields. Working device
would also require a detection scheme of spin states (direct
or indirect)
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Introduction to Spintronics

From Stern-Gerlach Experiment:

» Hanle Effect (1924)

» Electric Paramagnetic Resonance (Y. Zavoisky, 1944)

» Optical Pumping (A. Kasler, Nobel Prize 1966)

» Rashba Effect (E. Rashba, 80’s)

» Spin Hall effect (Dyakonov and Perel, 1971, Y.Kato et al. 2004)

» Tunnel and Giant Magnetoresistance (1975 and 1988)

Nobel prize 2007: Albert Fert and Peter
Grlnberg




Glant Magneto-Resistance

In Ferromagnets the scattering rate is spin dependent.

parallel spins
— small resistance

antiparallel spins
— large resistance

Solid state spin valve

Anti Ferromagnet

AR/R -5%-10%
saturation field
10-30 Oe

S.A. Wolf et. al.Science, 294, 1489 (2001), Top figure from Nobel.org



Tunnel Magneto-Resistance

Similar to GMR but based on tunnel junctions; insulating layer betweem two

ferromagnetic layer
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FeCoB/MgO/FeCoB Tunnel Junctions

* Initial work focused on AlIO, MTJs. Maximum TMR was
70%. Recently 200% TMR reported using amorphous
CoFeB and MgO

« MgO had a strong (001) orientation unlike amorphous
AlO,

« Annealing critical in achieving high TMR in MgO based
tunnel juntions.
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What happens during annealing?

Crystallization of MgO
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Crystallization of FeCo
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Appl. Phys Lett. 95, 242501 (2009).

And several others!
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TMR Applications

Non-volatile memory Read-write head of hard
S . drives
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From Solid state devices to “free” electron

VOLUME 66, NUMBER 4 PHYSICAL REVIEW LETTERS 28 JANUARY 1991

Spin-Dependent Electron Attenuation by Transmission through Thin Ferromagnetic Films
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Spin-palarized photoemission spectra at low photon energies from ferromagnetic ultrathin Fe layers on

Cul100) show a substantial polarization of the Cu 3d peaks, This is atiributed 1o spin-dependent at-
tenuation in the Fe overlayer. Values of the spin-dependent mean frec path at low electron energies are

obtained

PACS numbers: T960.Cn, 7350, g, 75, 70 Ak

Intensity (arb. units)

» Spin dependent of the IMFP measured in
ferromagnetic Fe layers on Cu (100).

» Spin polarized photoemission measurements
showed Cu 3d electrons become spin polarized by
transmission through ultra thin Fe films

Binding Energy (eV)



From Solid state devices to “free” electron

PHYSICAL REVIEW B VOLUME 51, NUMBER 5 1 FEBRUARY 1995-1
Spin-dependent transmission of polarized electrons through a ferromagnetic iron film %
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Polarized electrons excited in a GaAs crystal by optical spin orientation are photoemitted after having

passed through a thin ferromagnetic overlayer of iron. It is shown that the photoyield dpeends on the I @ I(over)

relative orientation of the spin magnetic moment of the photoelectrons with respect to the magnetization Py Plover)

of the iron film. Close to the photothreshold, the transmission is about 1.7 times larger when the orien- R

tation is parallel compared to the case where it is antiparallel. I1,(tot)

P, (tot) |

VOLUME 88, NUMBER 6 PHYSICAL REVIEW LETTERS 11 FEBRUARY 2002

Spin Filtering of Free Electrons by Magnetic Multilayers: Towards an Efficient
Self-Calibrated Spin Polarimeter

C. Cacho,b* Y. Lassailly,"? H.-J. Drouhin,! G. Lampel,' and J. Peretti'

LLaboratoire de Physique de la Matiére Condensée (UMR 7643-CNRS), Ecole Polytechnique, F-91128 Palaiseau, France
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An asymmetrical ferromagnetic cobalt bilayer (18 nm Au/0.8 nm Co/2.2 nm Au/1.3 nm Co/1.5 nm
Au) operales as a sell-calibrated spin polarimeter with a high spin selectivity for [ree electrons injected
at a few eV above the Fermi level. We present the analysis ol transmitted currents as a [unction of
the incident energy, based on a model of spin polarization dilution into the first gold layer and ballistic
transport close to the vacuum level throughout the sample.

DOL: 10.1103/PhysRevLett.88.066601 PACS numbers: 72.15.Lh, 75.70.-1, 75.90.+w



From Solid state devices to “free” electron

PHYSICAL REVIEW B 77, 094409 (2008)

Injection energy dependence of spin-polarized hot-electron transport through a ferromagnetic
metal/oxide/semiconductor junction
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(Received 8 October 2007; revised manuscript received 3 January 2008; published 12 March 2008)

Spin-polarized hot electron transport through a ferromagnetic metal/oxide/semiconductor junction is studied
as a function of the electron injection energy in the range from a few eV up to 1 keV. The incident spin-
polarized electrons are produced by a GaAs photocathode and are injected from vacuum into the thin metal
layer. The current transmitted through the junction is measured in the semiconductor collector. A spin-
dependent component of the transmitted current is detected when reversing either the spin polarization of the
incident electrons or the magnetization of the metal layer. For injection energy in the hundreds of eV range,
both the mean transmitted current and the spin-dependent transmitted current exhibit a spectacular increase,
over several orders of magnitude. A transport regime is reached where electron transmission is larger than
unity, providing a current gain, while the spin selectivity of the magnetic layer is still very high (close to
1009%). This variation is analyzed in the framework of a transport model which accounts for the relaxation of
the electron energy and velocity by secondary electron excitation. This model fits with the experimental data
and evidences the crucial role of the metal/oxide/semiconductor barrier shape on the spin-dependent transport
properties of the device.

DOI: 10.1103/PhysRevB.77.094409 PACS number(s): 72.25.—b, 73.40.Qv, 79.20.Hx, 85.75.—d
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From Solid state devices to “free” electron
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Use diamond achieve needed current
Spin filter to achieve polarization
Filter also provides equipotential

Cs termination of Cobalt yields good
ballistic transport
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Conclusions

Spin filters in solid state materials are
established physics

Ballistic transport devices are also
demonstrated for modest electron energy

Need to demonstrate for near-threshold
energy regime

New sources possible!




