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Conventional Magnetoresistance

| =conduction current.
B =magnetic field.
\/ =detected electrical voltage.
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Bipolar spintronics: light and spin
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The Conventional Hall Effect
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qvpB =Lorentz force, where v, is the drift velocity.

qgEy =Hall electric field.

Vy = Egyw = % —Hall voltage where n is the volume density of

charge carriers.



The Anomalous Hall Effect

Vsa =Spin accumulation voltage.
Both a charge and spin differential exist.



Charge and Spin Current
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Pure Spin Hall Effect

Is

There is no charge accumulation or electric Hall voltage. For the
pure spin Hall effect, the material need not be ferromagnetic.



Inverse Spin Hall Effect
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Electrical detection of spin currents.



Spin Caloritronic Effects

Conventional Seebeck Effect
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Hot Cold

g = —kV T =heat flux.

/' =detected electrical voltage.
S = V/AT is called the Seebeck coefficient and is a measure of
the thermopower.



Thermocouple

The detected electrical voltage IS,

= [1} Sa(T)dt + [12 Sp(T) dt = [7}(Sa(T) — Sg(T)) dt,
dependent on the dlfference in the Seebeck coefficients of the two
dissimilar metals.
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Spin Seebeck Effect
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Charge current flow along
chemical potential gradient

The chemical potential (energy) is it = pu¢ — e, where E = —V o,
is the electric field driving the charge current and ¢, is the electric

potential. The charge flows “"downhill” on the chemical potential
curve.



Mechanism of the Seebeck effect
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Average energies dependent on

temperature
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Seebeck effect as a field gradient
=

» T hermo-electric field
Chemical field

Hot

Cav(T+oT) Eav(T)

Energy lost= Energy gained.
el T +0T)— EEV(T) = edV/, hence,

edV ~ EF”( ) T5T
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Seebeck effect as the gradient of
electronic entropy

Chemical potential:

[t = pu< — ep. where ¢ depends on nand T.
Vi =Vuc —eVoe = Vu© + eEthermoelectric-

In thermodynamic equilibrium,

VJU'C — (Hﬂcvn T Zﬁf{f V T) —eEthermoelectric
Ea::hem:'caf (dﬂ Vn "|_ ci',u VT)

The field associated with the chemical potential is a sum of density
and entropic terms.
The Seebeck coefficient is the gradient of the electronic entropy.






Mechanism of the spin Seebeck effect (2)
The 7 and T have different spin Seebeck coefficients.

Vg = V,uT — eV and V| = V,U-j — eV

ops di
Now, Vit = -V + ; VT — eVge and likewise for the other

spin.
The density gradients Vn+ and Vn| decay within the spin diffusion
length. Hence only the entropic terms matter for long samples,
L >> Lsp. Hence,

' r:Jlu

s
Vi(pr —py) = (;TT — 57 =)V T = eSsse VT, where,

Sssg = l/fi‘(d}[E %)

The gradient of the chemical potential difference is caused by an
entropic gradient. The sub-band entropies are different for the 1
and T spins.

The spin voltage at the ends of the sample is +5sse AT /2.




Variation of the electrochemical potential

(a) Ferromagnetic metal
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Electrical Detection of the SSE
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Measurement and Imaging

of Electron Spin

Electron spin resonance
Ferromagnetic resonance
Brillouin light scattering (BLS)
Magnetic force microscopy
Magneto-optical techniques



Observation of SHE
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Basics of Magneto-Optic Effects

Constitutive magnetic properties at optical frequencies
M(E, ®)= Y. (E, a))ﬁ(E, )
B(k, @) =y, H(k, )+ M (K, )

p= 1+ x,)
(@) =0



Magneto-electric coupling at optical frequencies

IS(a), ﬁo) =&,y (o, ﬁo)E(C{))

= goz(a))E(a)) + &, Ay (o, Ho)E(w)
D(w,Ho) = &(w, Ho)E ()

= g(a))E(a)) +Ae(w, Hko) E(co)

g(w, ﬁo) g(w, M)



Properties of the electric permittivity tensor
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where f;, =—1;and ¢;; =Cy;y =Cyy =Cy, are real.



Example: uniaxial crystal of a magnetic non-ordered
material inside a magnetic field
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Example: uniaxial crystal of a magnetically ordered
material with some magnetization
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E(M) =g,

Magneto-optic Faraday Effect
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The Faraday Rotation Angle
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Magneto-optic rotary dispersion and
properties of paramagnetic ions imbedded in a
diamagnetic matrix
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Calculating the oscillator strength for paramagnetic rare earth ions
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Unambiguous Determination of Faraday Rotation and Ellipticity
from paramaanetic terbium gallium garnet crystal
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Magneto-optic Kerr Effect

Transverse Moke



Magneto-optic scattering

from heterostructures el
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Scheme of balanced polar

MOKE detection
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Experimental scheme

Si (i00)

Coming Glass

N i K a1

Si (100)

0 200 400 600 800 1000

Synthesis and structural
characterization



Ni Thin Film, Thickness = 11nm |
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Optical Detection of the
Spin Seebeck Effect
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