
Chapter 2

Fundamental concepts in describing spin
polarized transport

The goal of this section is to introduce the basic physical concepts necessary in or-
der to describe spin polarized transport in hybrid systems. First of all, the concept
of electrochemical potential will be introduced, followed by a short description of
the linear response theory for transport in diffusive systems. The two equivalent ap-
proaches, the drift approach and the diffusion approach will also be introduced. The
standard description will be generalized to include spin (the two currents model)
and the spin diffusion equation will be introduced. Next the transport properties
of a ferromagnetic material will be discussed, followed by two simple examples
of applications of the diffusive model for spin transport: the single non-magnetic
metal/ferromagnet (N/F) interface and the concept of ferromagnet voltage probe.
The chapter will end with an short overview of the main spin flip mechanisms in
the solid state.
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2.1 the concept of electrochemical potential

It is known that when a large number of non-charged particles (also charged parti-
cles, e.g. electrons, provided there is no externally applied electric field) within a
certain volume are in full thermodynamic equilibrium, the ensemble is character-
ized by a constant chemical potential. By definition, the chemical potential corre-
sponds to the average energy necessary to add a particle to the system. In this case,
a gradient in the chemical potential is the fundamental driving force for particle
transport. Between two systems there is no net particle transport when their chem-
ical potentials are equal (i.e. they are in equilibrium). If we look at normal metallic
materials, as electrons are spin 1/2 particles, the conduction electrons form a Fermi
system, usually well described in terms of a simple Fermi gas. The corresponding
Fermi energy in usual metals is in the order of a few eV. As the energy scale corre-
sponding to temperature (1K = 40µeV ) is much smaller then the Fermi energy in
most systems, one expects that temperature will have only small effects on trans-
port properties. It can be easily shown that in the case EF >> kBT , the chemical
potential of the fermionic system is approximately equal to the Fermi energy [1].

For simplicity, one usually sets the reference chemical potential corresponding
to a particle at the Fermi surface to zero. For small variations from equilibrium
(∆µ << EF ), the chemical potential is then related to the excess particle density n

via the density of states at the Fermi energy µch = n/N(EF ). However, in addition
to the kinetic energy, a particle may also have potential energy. If the reservoir is
kept at a certain electrostatic potential V , then the relevant quantity in describing
the thermodynamic equilibrium will be the electrochemical potential. In the most
general case, one must replace the electrostatic potential by the potential energy in
order to include other interactions, for example the Zeeman energy (±1

2gµBB) in a
magnetic field. Therefore the electrochemical potential is given in the general case
by:

µ = µch − eV ± 1
2
gµBB (2.1)

with g being the gyromagnetic ratio, µB the Bohr magnetron and the factor 1/2 is
included in order to take into consideration the spin of the electron.

The electrochemical potential is linearly related to the total particle density. It
is essential to keep in mind that the electrochemical potential, being the quantity to
describe the thermodynamic equilibrium, its gradient is the unique driving force for
particle transport. It includes both contributions to transport due to an externally
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applied electrical field and eventual contributions due to diffusion induced by a
spatially-varying particle density.

Let us consider now a well-defined region where electrons are in thermal equi-
librium, brought only in weak contact with the outside world. We will denote as an
electron reservoir any electron system that is in equilibrium, all incoming electrons
from the outside world are absorbed and the spectrum of the outcoming electrons
is thermal. It can be shown that the charge transport properties of any system can
be understood in terms of an active region (sample or device) which is connected
to different electron reservoirs [2].

The last question to be addressed in this section is related to what does a volt-
meter actually measure. Physically, a voltmeter can be understood as being com-
posed out of two reservoirs, weakly connected to the two points between which we
intend to measure the voltage. Moreover, the two reservoirs are coupled in such a
way that no net current is drawn through the sample due to this coupling (i.e. there
is no net particle current between the sample and the reservoirs). Therefore what a
voltmeter measures in reality is the difference in the electrochemical potentials be-
tween the two points to which it is coupled. Only in the case when there is no spatial
variation in particle densities and there is no other transport effect due to other inter-
actions (e.g. due to a the presence of a magnetic field, or a gradient in temperature)
will the measured voltage be equal to the difference in electrostatic potentials. This
difference between the difference in electrostatic potentials between two point and
the measured value by a voltmeter will prove essential in order to understand what
happens when one of the reservoirs which form the voltage probes of the voltmeter
is a ferromagnet (anticipating a little bit the outcome, one expects that spin effects
will play a role in determining the measured voltage).

2.2 transport in the linear response and the diffusive pic-
ture

Let us consider the situation depicted in fig. 2.1: two electron reservoirs are kept at
a fixed potential difference V and they are connected to each other via a diffusive
conductor. Due to the applied voltage, an electric field will be present inside the
conductor. The presence of this external electric field will induce in the steady state
a change in the electron distribution function within the conductor.

The new distribution function in the presence of the electrical field can in prin-
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ciple be determined by solving the Boltzmann equation

∂f(k)
∂t

field +
∂f(k)

∂t
coll +

∂f(k)
∂t

drift = 0 (2.2)

The Boltzmann equation simply states that, in the steady state, the changes in
the distribution due to the applied electrical field, due to particle collisions (mo-
mentum scattering) and due to drift (particle transport) cancel each other.

The linear response theory is based on the assumption that the change in distri-
bution function compared to the equilibrium one is small [3], and therefore can be
described in first order as being linear in the driving force (the externally applied
electric field E)

f(k) = fFD(k) + g(k) (2.3)

with fFD(k) being the equilibrium Fermi Dirac distribution and g(k) the change
in distribution due to the applied field.

Moreover, one describes the collision within the relaxation time approximation,
i.e it is assumed that if the external fields were switched off, the non-equilibrium
part will decay exponentially to zero. Then the non-equilibrium part of the distri-
bution function reads

gk = −τeE · vk
∂fFD(k)

∂εk
(2.4)

with τ the momentum relaxation time, vk the group velocity and e the electric
charge.

The outcome for an isotropic system, after introducing all previous assump-
tions in the Botzmann equation, is that the effect of the applied field is a small
and uniform shift of the distribution function with a ’drift-velocity’ relative to the
equilibrium Fermi Dirac distribution. The drift velocity is

vd = E
eτ

m∗h̄
(2.5)

where m∗ is the effective mass of the electrons. The total current density j will
depend linearly on the the electric field E (Ohm’s law in local form)

j = σE (2.6)

with σ the electrical conductivity.
The situation is more complicated for non-isotropic systems. In this case, the

scalar conductivity has to be replaced by the conductivity tensor. In the linear
response regime, conductivity still remains a Fermi surface property.
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There are two different ways to look at physics behind transport in the linear
regime (see also fig. 2.1):

the drift (electrodynamics) picture: Here one looks at the entire sea of elec-
trons, starting form the bottom of the conduction bands. The local electron density
( electric charge) is zero, but there is a spatially varying electrical field. The ap-
plied field affects the movement of all electrons and, in the case of a homogeneous
media, the Fermi-Dirac distribution is uniformly shifted in k-space with the same
amount kd. Therefore particle transport is described in terms of a uniform drift
under the influence of external electrical field.

the diffusion picture: Here instead of looking at the entire Fermi see, one
looks only at electrons in a smaller energy range µ2 − µ1 (see also fig. 2.1). This
is justified because the rest of the electrons does not participate in transport, as the
Fermi sea is completely filled for energies below µ2 (the total momentum of a filled
Fermi sea is zero, therefore no net transport is possible). As a consequence, the
presence of the fully occupied states well below the Fermi surface can be neglected
(i.e redefining the zero of the chemical potential µ2 = 0. In this picture there is no
electric field present (the bottom of the bands in this energy range is flat and equal
to µ2, or, in other words, the change in total density of the compensated electrons
cancels out the external electric field and there is no net electric field present). In
the diffusion picture, only a spatially varying excess electron density exists, and
particle transport is determined by diffusion.

In a real-life case, the exact spatial dependence of the electrical field will de-
pend on the screening properties of the conductor. In linear response the measured
resistances cannot depend on the screening properties, and the drift and diffusion
pictures are completely equivalent in this regime. In general, the exact spatial de-
pendence of the electrical field is either unknown or difficult to compute. Therefore
the diffusion picture is in most cases handier, as it does not require to calculate ex-
actly the spatial dependence of electric field. Moreover, the diffusion picture has
the advantage that can be easily generalized to include more that one species of
particles (for example, to also include the spin degree of freedom) or to include the
effects of other interactions (e.g. the effects of a magnetic field)
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FIGURE 2.1. Schematics of transport within linear response a. the effect of an uniform
electric field on particle distribution function: the effect can be described either in terms of
a shift of the Fermi sphere (left) or an non-equilibrium occupation of the two left and right-
going subbands (right) b. transport in the drift picture. One looks at the full energy scale,
particle transport is due to drift in the external electric field. The particle density is constant
in space c. the diffusion picture. One looks only at particles with energies between µ1 and
µ2. There is a spatially varying particle density and transport is due to diffusion
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In a real-life experiment, what one measures is the conductance (resistance)of
the sample. As the conductance is a response function, in the linear regime it
has to obey the Onsager reciprocity relations [5]. A conductance measurement
corresponds to having two electron reservoirs that form the current source and other
two electron reservoirs that form the voltage measurement circuit. If one makes
use of only two reservoirs, each taking part in both current and voltage circuits,
the measurement is called a two-terminal measurement. If the current and voltage
reservoirs are different, the measurement is known as a four-terminal measurement.

The Onsager reciprocity relations imply that, in the case of a four terminal mea-
surement of resistance/conductance, interchanging current and voltage reservoirs
and reversing the magnetic field and all the magnetizations will leave the measured
current-voltage characteristics invariant [6]. For a two terminal measurement, this
means that the two terminal resistance is an even function of the magnetic field;
R(B) = R(−B), where, again, −B also implies that all magnetizations have also
been reversed. The Onsager reciprocity relations can be used to check the consis-
tency of the measurements. However they cannot be used to draw any physical
conclusions, e.g. whether of not spin injection was observed, as they are always
obeyed in the linear regime.

2.3 basic transport equations in hybrid systems

In this section the standard linear response transport formalism will be extended
to include the spin degree of freedom. The main assumption one makes is that
in the used materials the interactions between the two spin populations are weak
(or, in other words, the spin lifetime is much larger than the momentum relaxation
time). The validity of this approximation has been discussed by Valet and Fert
[8]. If this does not hold the transport equations become non-local and an extra
spin-mixing resistance will arise [9]. However,if this approximation holds, the two
spin populations can be treated as two separate, weakly-interacting thermodynamic
ensembles. As a consequence, an independent chemical potential can be attributed
to each spin population.

Charge transport is still described by Ohm’s law in the local form, but this can
be applied independently to each spin subband:

j↑,↓ = −σ↑,↓/e
∂µ↑,↓
∂x

(2.7)
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where σ↑,↓ are the conductivities for each spin subband. The two conductivities
are related to the densities of states at the Fermi level N↑,↓(EF ), and the diffusion
constants D↑,↓ via the Einstein relation:

σ↑,↓ = N↑,↓(EF )e2D↑,↓ (2.8)

The diffusion constants for each spin direction depend on the Fermi velocities and
mean free paths: D↑,↓ = 1/3vF↑,↓l↑,↓, with vF↑,↓ the spin dependent Fermi veloc-
ities, l↑,↓ the electron mean free paths and the factor 1/3 takes care of the dimen-
sionality of the system.

The next step is to include the interactions between the two spin populations.
Spin flip processes are included via the continuity equations (i.e. total particle
number conservation) for each spin species

1
e
∇j↑ = − n↑

τ↑↓
+

n↓
τ↓↑

(2.9)

1
e
∇j↓ = +

n↑
τ↑↓

− n↓
τ↓↑

(2.10)

with n↑ and n↓ being the particle densities for each spin. The detailed balance
principle imposes that the two spin populations are in equilibrium when no driving
force is applied . Therefore the two spin flip rates 1/τ↑↓ and 1/τ↓↑ are related to
each other:

N↑(EF )/τ↑↓ = N↓(EF )/τ↓↑ (2.11)

In general the two scattering times are unequal in a ferromagnet material, as a
direct reflection of the dependence of the Fermi surface on spin. They are usually
much larger than the momentum scattering time τ = lm/vF , with lm = (1/l↑2 +
1/l↓2)−1/2 the spin average mean free path. By using these equilibrium relations
2.11 one can recast the continuity equations into the following form

1
e
∇j↑ = −1

e
∇j↓ =

µ↑ − µ↓
N(EF )τsf

(2.12)

with N(EF ) = N↑(EF ) + N↓(EF ). τsf is the spin flip time

1
τsf

=
1

τ↑↓
+

1
τ↓↑

(2.13)

Equation 2.12 demonstrates again that the only driving force in spin flip pro-
cesses is the difference in electrochemical potentials!
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One can replace the current densities in eq. 2.12 from the Ohm’s law. The
obtained result is the diffusion equation, the fundamental equation to describe spin
dependent transport

∂2µ↑ − µ↓
∂x2

=
1

D · τsf
(µ↑ − µ↓) (2.14)

Here D is the spin averaged diffusion constant, determined by

1
N(EF )D

=
1

N↑(EF )D↑
+

1
N↓(EF )D↓

(2.15)

The diffusion constant and the spin flip time can be grouped together to intro-
duce the spin flip length λsf

λsf = (Dτsf )1/2 (2.16)

Equation 2.14 is the fundamental equation used to describe spin transport in
diffusive systems, as long as the spin lifetime is longer than the momentum scatter-
ing time. If this relation does not hold, one would have to resort to look directly at
the Boltzmann equation [8]. Together with the particle and total current conserva-
tion laws, it can be used in determining the magnitude of the expected spin effects
on electric transport. In the following three sections we will looks at spin transport
effects in a few simple geometries.

2.3.1 ferromagnetic materials

Ferromagnets are materials where, due to the presence of the exchange interaction,
the d-spin subbands are shifted with respect to each other. The most simple way to
describe them is in terms of the Stoner model, where one assumes simple parabolic
bands see fig 2.2. Due to this splitting of the d-bands, ferromagnets exhibit a finite
equilibrium magnetization. The density of states at the Fermi level and the Fermi
velocities are also different for the two spin subbands. Due to the difference in
densities of states and in Fermi velocities, a ferromagnetic material will be charac-
terized by two different bulk conductivities for the two spin directions:

σ↑,↓ = N↑,↓e2D↑,↓ (2.17)

with the diffusion constants for each spin direction given by D↑,↓ = 1/3vF↑,↓l↑,↓
Here N↑,↓ denotes the spin dependent densities of states (DOS) at the Fermi energy,
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FIGURE 2.2. band structure of a ferromagnet in the simple Stoner picture. The d spin
subbands are shifted in energy due to the exchange interaction, leading to a finite magneti-
zation and a difference in densities of states and Fermi velocities.

vF the spin dependent Fermi velocities and l the electron mean free paths. The spin
dependence of the conductivities are determined by the spin dependence of both the
densities of states and the diffusion constants.

By definition, the current polarization is given by

α =
j↑ − j↓
j↑ + j↓

(2.18)

Then, according to eq. 2.17 the current in a bulk ferromagnet will be spin polarized,
and the current polarization will be given by

αF =
σ↑ − σ↓
σ↑ + σ↓

(2.19)
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2.3.2 example: the single N/F interface

The transport properties of a single normal metal/ferromagnet interface (F/N) have
been discussed previously by van Son et al. [11]. Here we review the main results
and the derivation, in order to familiarize the reader with the methods of solving
the diffusive model.

We assume an 1D model, with the ferromagnet extending for x < 0 and the
normal material at x > 0. The general form of the steady state solution of the
spin diffusion equation in an homogeneous medium (either the ferromagnet of the
normal metal) is:

µ↑,↓(x) = a + b · x ± c

σ↑,↓
e+x/λsf ∓ d

σ↑,↓
e−x/λsf (2.20)

However, not all the constants (a, b, c↑,↓, d↑,↓) are independent. One has to
impose that at ±∞ the solutions for the chemical potentials coincide with the stan-
dard bulk dependence of the electrochemical potential (µ↑ |x→±∞= µ↓ |x→±∞=
c + j/σ · x, with j the current density and c is a constant).

At the interface the boundary conditions require, assuming ideal interfaces,
that the chemical potentials are continuous, and the current in each spin channel is
conserved (no spin flip processes at the interface). However, it is easy to generalize
these conditions to include arbitrary spin-dependent interface transparencies. If the
interface conductance is G↑,↓ = G0(1±γ), with G0 the total interface conductance
and γ the spin asymmetry coefficient, then

µ↑,↓ |−0 −µ↑,↓ |+0= G0(1 ± γ) (2.21)

For the simple F/N geometry with an ideally transparent interface (Gint = ∞),
the solutions reads:

µF,↑,↓ = c + j/σF · x +
a

(1 ± αF )σF
exp(x/λF ) (2.22)

and, respectively

µN,↑,↓ = d + j/σN · x + b/σN exp(−x/λN ) (2.23)

In the previous formula j is the total current density passing through the interface.
Normally one sets the average potential at the interface in the normal region to zero,
i.e. d = 0
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FIGURE 2.3. By driving current through a NF interface a non-equilibrium spin popula-
tion are created. Due to current conversion, the average chemical potential will have a jump
at the interface.

The current conversion process at the interface will give rise to a split in the
electrochemical potential of the two spin species. By solving the diffusion equation
with the appropriate boundary conditions, one finds that the polarization of the
current that crosses the interface is given by

α|x=0 = αF
1

1 + (1 − α2
F )σF λN

σNλF

(2.24)

Moreover, the spin related interface resistance is given by:

RI =
∆µ

j
= α2

F λN/σN × 1
1 + (1 − α2

F )σF λN
σNλF

(2.25)

Equation 2.25 suggests that the total spin-accumulation-induced interface re-
sistance is proportional to the minimum of either the ferromagnet or the normal
material conductance over a distance of a spin flip length. This already hints that
in the case the normal material is a semiconductor, i.e. it has a much lower con-
ductivity than the ferromagnet, the spin dependent part of the interface resistance
is small compared to the spin independent part.
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2.3.3 ferromagnetic voltage probe

What happens when a ferromagnetic material is used as a voltage probe?

The case when the chemical potentials of the two spin populations are equal
(there is no spin imbalance present) is trivial: there is no difference between a
ferromagnet and a normal metal, as both will measure the unique electrochemical
potential of both spin populations.

F2
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−∆∆µ

,

x(λF)

µ
N F2F1

y

F1          N      x
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FIGURE 2.4. A ferromagnetic probe enables the detection of a non-equilibrium spin pop-
ulation, created e.g. by driving current through a NF interface. If the electrochemical
potentials of the two spin states are different (µ↑ �= µ↓), the voltage measured by a ferro-
magnetic probe will be different from the voltage measured by a normal probe connected
to the same point.

The interesting case takes place when there is a spin imbalance present, i.e.
the electrochemical potentials of the two spin populations are not equal. Let us
assume that two probes, one ferromagnetic(characterized by conductivity σF and
spin polarization αF ) and one normal (conductivity σN and respectively no spin
polarization) are attached (see fig 2.4 ) to a point x of the device where a spin
splitting is present (µ↑ �= µ↓), .
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As shown in section 2.3, the decay rate of the electrochemical potentials in the
ferromagnetic material will be different for the two spin populations (proportional
to σ↑,↓/λF ). The average electrochemical potential at infinity (the measured value)
will be different from the average value of the chemical potentials (what a non-
magnetic voltage probe would measure) (see fig 2.4 )

The chemical potential measured by the normal probe is µN = 1/2(µ↑ + µ↓)
(the average chemical potential), while the one measured by the ferromagnetic
probe is, depending on the polarization direction of the ferromagnet relative to the
sign of the spin splitting,

µF = µN ± ∆µintαF (2.26)

where ∆µint = 1/2(µ↑ − µ↓) is the splitting in the chemical potential at the F/N
interface [10].

The sign is negative when the high er electrochemical potential corresponds to
the same spin direction as the majority carrier in the probe ferromagnet. Therefore
a ferromagnetic contact is a spin sensitive probe, and can be used to detect the
presence of spin accumulation.

2.4 spin injection mechanisms

The issue to be addressed here is how a non-equilibrium spin population can be
created inside a semiconductor or metal. Until now, three main methods of injecting
non-equilibrium spin carrier have been used:

1) optical injection, by making use of the selection rules in generating electron-
hole pairs in a semiconductor. If either left or right circularly polarized light is used
to optically generate non-equilibrium carriers, the selection rules require ∆S =
+1 and respectively ∆S = −1, therefore one spin direction will be generated
preferentially.

2) tunnelling of carriers from a ferromagnetic material into a non-magnetic
material. The tunnelling conductance is proportional to the product of densities of
states at the Fermi level on both sides of the barrier. Due to the different densities
of states in the spin subbands in the ferromagnet, the tunnelling rates from the
ferromagnet to the normal region are different for the two spin subbands (i.e the
tunnelling current is spin polarized). A non-equilibrium spin population is thus
injected in the normal region. This effect is purely an interface effect.
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3) injection via clean interfaces, by passing current from a ferromagnetic region
into a non-magnetic one, as discussed in the previous section. This mechanism is
different from tunnelling, as the spin accumulation is due to the bulk properties of
the materials. However, one has to keep in mind that the realization of good tun-
nelling barriers on semiconductors is rather challenging from technological point
of view. Thus the fact that spin injection via clean interfaces depend only on bulk
properties makes this an attractive route towards realizing spin injection.

2.5 spin relaxation

After having looked at the different methods of realizing spin injection, let us fo-
cus now on the spin relaxation mechanisms. Spin relaxation refers to processes
that bring an unbalanced population of spins into equilibrium. The presence of
several types of interactions will cause the non-equilibrium part of the population,
and therefore the non-equilibrium part of the magnetization, to decay exponentially
towards zero. Two main relaxation processes can be identified. The z component
of the spin (i.e. the component along the spin quantization axis) decreases as indi-
vidual spins flip, bringing the population towards equilibrium. However, this direct
process requires energy relaxation towards the lattice (therefore named spin -lattice
relaxation), and as a consequence is a rather slow process. However, a second type
of process, not requiring energy exchange, can destroy the perpendicular compo-
nent. Every spin will also see the field created by the neighboring spins, therefore
precessing in a local field which contains a random component. This causes the
perpendicular component to decay with a different time constant.

Let us assume that the good spin quantization axis is z. The total spin of the
system is S and the external magnetic field is B. The terms ‖ and ⊥ describe the
components parallel and perpendicular to the z axis. The time evolution of the spin
will be described by the Bloch equations:

dS⊥
dt

= γ(B × S)⊥ − S⊥/T2 (2.27)

dS‖
dt

= γ(B × S)‖ − (S − S‖)/T1 (2.28)

Here, T1 and T2 are the two phenomenological constants that describe spin flip
processes. The constants T1 and T2 describe the decay of the longitudinal and re-
spectively the transverse spin order and are analogous to the constant introduced to
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describe nuclear spin lifetimes in nuclear magnetic resonance (NMR) experiments.
The constant T2 can be measured in conduction-electron spin resonance (CESR)
experiments [13].

However, if any interactions between spins and other degrees of freedom are
present, then pure spin states are not real eigenstates anymore, therefore they will
have only a finite lifetime. These interactions affect both the longitudinal and the
transversal spin lifetimes. In the next subsection, the physical origin of these mech-
anisms will be discussed.

2.5.1 spin-orbit interaction

Spin-orbit interaction is a relativistic effect that occurs when a quantum mechanical
particle with a non zero spin moves in a region with a non-zero electric field.

When an electron is moving with relativistic velocities in a static electric field,
in the rest frame of the electron the original static electric field transforms into a
field that has also a magnetic field component, whose magnitude is given by the
standard Lorentz transformation

Beff (x) = (v × E(x))/c (2.29)

The presence of this effective magnetic field, that the electron feels in its rest frame,
affects both the dynamics of the spin and the total energy of the electron. This
interaction is called spin-orbit interaction.

One should keep in mind that the only possible interaction for the spin degree of
freedom is with a magnetic field, whose source can be either an externally applied
magnetic field, or the effective field generated by the spin-orbit interaction. The
static electric field causing the spin-orbit interaction can have different physical
origins, for example being the electric field of the atomic nucleus, or related to the
crystal or band structure of the solid.

As we are interested in transport properties, here we will concentrate on spin re-
laxation processes for conduction electrons. Three main spin relaxation mechanism
were found as the most relevant for conduction electrons in metals and semicon-
ductors:

i) the Elliot-Yafet mechanism [14]. The Elliot-Yafet mechanism is due to the
fact that in real crystals Bloch states (i.e momentum eigenstates) are not spin-
eigenstates anymore. The physical origin of the lift-off of the spin degeneracy
of the Bloch states is that the lattice ions induce a local atomic electric field, which
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a

b

FIGURE 2.5. Schematic view of the Elliot-Yafet (a.) and the D’yakonov Perel’ (a.) re-
laxation mechanisms. The Elliot-Yafet spin flip mechanism is due to the interaction of
spins with the electric field of the atomic nuclei. The corresponding spin lifetime is pro-
portional to the momentum scattering time. As a consequence, the spin flip length will
depend linearly on the mean free path (or diffusion constant). The D’yakonov Perel’ spin
flip mechanism is due to the presence of a crystal field, and the spin flip length is indepen-
dent of the mean free path

via the spin orbit interaction will mix spin up and spin down states (see fig. 2.5).
The Elliot Yafet mechanism leads to a spin relaxation rate 1/T1 proportional to the
momentum scattering rate. Usually this is expected to be the main spin-flip mech-
anism in metals. If Elliot-Yafet is the main spin scattering mechanism, the spin flip
length (λsf =

√
Dτsf ) will be linearly proportional to the mean free path.

ii) the D’yakonov Perel’ mechanism [15]. This mechanism is related to a lift
in spin degeneracy due to the presence of a finite electric field in crystals lacking
inversion symmetry (the crystal field). Therefore, the electrons feel a momentum-
dependent effective magnetic field and the spin precesses around this effective field
(see fig. 2.5b). The process can be imagined as a random walk in spin space. The
spin relaxation rate induced by the D’yakonov Perel’ mechanism will be inversely
proportional on the momentum scattering rate, therefore the corresponding spin
flip length is independent of the mean free path (the dependence on the momentum
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scattering rate is cancelled out by the diffusion constant).

iii) the Bir-Aronov Pikus mechanism [16] is due to the electron-hole exchange
interaction, and it plays an important role in semiconductors with a high over-
lap between the electron and hole wavefunctions. Fluctuations in the effective
hole concentration, due to different effective mass, produce an fluctuating effective
magnetic field generated by the total spin of holes. This induces a precession of
the electron spin around an instantaneous axis, analogous to the D’yakonov Perel’
mechanism.

2.5.2 the Rashba interaction

The Rashba interaction is another specific case of spin orbit type interaction [17].
It is important only in two-dimensional systems in which a uniform electric field is
present, perpendicular to the plane in which the electrons are moving. The strong
perpendicular field is present in systems in which the electron confining potential
is not a symmetric square well. For example, in InAs systems, the surface states of
InAs are confined in an asymmetric well, usually well approximated by a triangular
well (see chapter 3 for details). This shape of the confining potential is the source
of the uniform built-in electric field.

k

EF

kx

ky

δk

FIGURE 2.6. The dispersion relation in the presence of the Rashba interaction. a) in the
1D case, the two parabolas are spin split. b) In the 2D case gets two shifted paraboloid
of revolution and the Fermi surface will be given by two circles. The arrows indicate the
eigenstate of the spins for the corresponding wave vector. The dotted surfaces correspond
to shift of the Fermi surface due the application of a driving field
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It is immediate to see that the dispersion relation for the two dimensional elec-
trons in the presence of the Rashba hamiltonian can be written as

ε(k) =
(h̄k)2

2m
+ α(E × k) × σ (2.30)

Here k is the electron wavevector, m is the electron mass and α a constant
which quantifies the coupling strength, E is the electric field present in the 2DEG,
along the z axis.

The above dispersion relation in the 1D case reduces to ε(kx) = k2
x/2m±α′kx,

i.e. one gets two shifted parabolas. The Fermi surface in the 2D case becomes a
paraboloid of rotation (see fig 2.6)

The implication of such a dispersion relation is that there exists two distinct
particles having the same energy for a given value of k (equivalent to a k dependent
Zeeman spin splitting). This implies that, assuming 1D transport, at the Fermi
energy there can be two different values of kF .

However, the Rashba interaction is fundamentally different from a Zeeman in-
teraction due to the fact that it does no require the breaking of time-reversal sym-
metry.
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