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Introduction

This Thesis is a theoretical proposal concerning the fundamental physics of nanoscale magnetic
devices (a field known as spintronics) and its control by means of light. Spintronics is a relatively
new area of electronics/magnetics engineering in which the spin or angular momentum of the
electron in ferromagnetic materials plays a fundamental role. The signal is a magnetoresistance
which depends on the relative orientation of the magnetic directions in adjacent ferromagnetic
layers. The possibility to control the magnetic direction, and thereby change the readout, can
be explained by considering exchange of spin angular momentum, refereed to as ’spin transfer’,
which was first introduced by Slonczewski and Berger in 1996. Even if spin transfer has been
investigated intensively for the last fifteen years, important issues related to its control still draw
a great deal of attention nowadays. The most important issues regard the reduction of current
density required for magnetization switching, as well as enhancement of switching efficiency
and thermal stability. Those challenges have to be overcome before current-controlled spin valve
devices can replace the memory cells operated by external magnetic field which are used today.
Such a technological progress, if realized, would certainly offer higher data storage density and
faster manipulation with the information stored on a hard drive memory.

A real breakthrough would be the integration between spintronics and the well-established field
of semiconductor electronics. In particular, an intriguing possibility offered by semiconductors
is to use light as a handle to control spin transfer. Whereas this has already been the object of
a great experimental and theoretical effort, for example aimed to pursue the optical reversal of
the magnetization, here we take a different path and focus on the virtual absorption of photons,
when the photon energy of the laser shining the device is smaller than the optical energy gap. If
the laser is sufficiently strong, one may increase the coherence of the system in a controlled way
(optical Stark effect) in the absence of real light absorption, i.e., without heating the system.
In this Thesis we show that this could actually be useful to realize the coherent control of spin
transfer torque (STT).

Specifically, we consider theoretically a one-dimensional junction made of a thin magnetic layer
sandwiched between two identical direct-gap semiconductors. This layer, which could be made
of a dilute magnetic semiconductor, acts as a spin-dependent contact force on electrons, as a n-
type spin polarized current flows through the junction inducing a STT on the magnetic layer. As
we shine the junction with an intense monocromatic laser beam, whose photon energy is smaller
than the band gap, we drive a controlled excitonic coherence into the system. The Rabi energy
couples conduction and valence bands, inducing an evanescent wave at the junction interface.
We find that the Fano-like interference between this localized wave and the continuum spectrum
may significantly vary with the spin projection of the scattering wave, which strongly affects
the STT. The toy model we investigate here neglects many relevant features of actual devices,
most noticeably band asymmetry, spin-orbit coupling, structure of the semiconductor-magnet
interface, which will obviously affect our conclusions. Nevertheless, our aim here is to illustrate
a novel concept that is possibly relevant for the coherent control of STT, leaving a more realistic
case study to future research.
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This Thesis is organized as follows:

Chapter 1 reviews the key concepts and ingredients of our proposal, including spin transfer
torque, magnetic semiconductors, as well as an experimental setup reported in the litera-
ture that is close to the one we investigate theoretically.

Chapter 2 provides details about our theoretical approach and related concepts.

Chapter 3 is a manuscript by Karsten Leding Vendelbjerg and Massimo Rontani, presently
submitted to the journal Superlattices and Microstructures, which reports the original
findings of the present Thesis.

2 CONTENTS



1Introduction

1.1 Background of Spintronics

We introduce the fundamental spintronics development over time starting with the introduction
to the Giant Magnetoresistance Effect, where the resistance is at a minimum when the two fer-
romagnetic layers are parallel, maximum when they are anti-parallel. To enhance resistance of
the GMR structure, the non-magnetic metallic spacer can be replaced by a tunnel barrier.

Technological advancement in 20th century was largely based on the development of electronic
devices. These devices provide the ability to control electron flows on microscopic scales,
thereby enabling functions essential to applications in information technology. So far, most
electrical devices are based on manipulating the electron’s electric charge. However, besides
electric charge, electrons also possess an intrinsic spin. In recent years, there have been intensive
efforts to explore the possibility of manipulating electrons via their spins. Many achievements
have been made along the way and have led to the opening of a new field, so called "spin based
electronics" or "spintronics".

Spintronics has promising potential for making a new generation of devices that can offer
great advantages such as non-volatility, increased speed and density, reduced power consump-
tion, etc. [1] One good example of the benefit of spintronics is the "Giant Magneto-Resistance"
(GMR) effect. It allows electrical detection of the magnetic orientation of a ferromagnet. Com-
pared to the traditional method of detecting magnetization via electro-magnetic induction, the
GMR effect becomes more efficient when the size of the magnet shrinks down to the nano-scale.
The GMR effect is used in the read head of a hard drive to sense the magnetic field generated by
the storage media, and its use has led to the increase of storage density by orders of magnitude.
Another example is "Magnetic Random Access Memory" (MRAM), which uses the magnetic
element for storing data. As the magnetic bit will not lose its magnetization over time, it can re-
tain information without consuming any power "non-volatile". The reading and writing of data
are done electrically, unlike the mechanical reading and writing in hard drives, which allows
very fast operation speed. The reading mechanism is through the GMR effect mentioned above.
For writing, one promising mechanism is through "Spin Transfer" effect.

1.1.1 Giant Magnetoresistance Effect

The Giant Magnetoresistance effect, discovered in 1988 [2], [3], refers to the change of resis-
tance of a ferromagnetic/non-magnetic/ferromagnetic metallic multilayer structure as the rela-
tive orientation of the magnetizations of two ferromagnetic layers changes, as illustrated in Fig.
1.1. The resistance is maximum when the magnetizations of two ferromagnetic layers are anti-
parallel and minimum when they are parallel. The resistance difference between the maximum
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1.1 Background of Spintronics

and minimum values can be as much as a few 10’s of percent, much larger than the scale of
the anisotropic magnetoresistance (∼ 1%) in metals, which is the reason for its name - "Giant
Magnetoresistance".

Figure 1.1: Illustration of the GMR effect. [3]

To understand the GMR effect, let us first consider a simple case: electrons passing through a
single ferromagnetic layer. For a 3d transitional ferromagnetic metal like Ni, Co and Fe, ferro-
magnetism comes from the exchange coupling of the 3d electrons. In a simplified band structure
for ferromagnetic metals, the exchange coupling results in an energy splitting of the 3d bands so
that when the spin-up band and the spin-down band are filled up to the Fermi level there are more
spin-up electrons than spin-down, so a net magnetization is induced. Another consequence is
that the majority and minority spin bands also have different density of states at the Fermi level,
see Fig. 1.2 for illustration. The conduction properties of a metal are primarily determined by
the electrons near the Fermi level. Thus, when spin unpolarized electrons consisting of equal
numbers of spin-up and spin-down electrons travel in a ferromagnet, different spins experience
different resistances. In addition to the resistance within the ferromagnet, different types of
spins also experience different scatterings at the ferromagnet/normal metal interface due to the
band structure mismatch. Overall, one type of spin has a higher probability to transmit through
than the other type. Therefore after passing through, electrons will become partially polarized in
one spin direction. For Fe/Cu, the polarization is in the majority spin direction, while for Fe/Cr
where GMR was first discovered, it is in the minority spin direction. The ferromagnet simply
works as a spin filter.

4 CHAPTER 1. INTRODUCTION



1.1 Background of Spintronics

Figure 1.2: A simple band structure for ferromagnet. The majority and minority spin bands have an energy split
so they have different densities of states at the Fermi level. [3]

When the spin polarized electrons travel into the non-magnetic spacer, they can maintain their
spin directions for a relatively long distance when spin-dependent scattering is weak. For ex-
ample, the spin diffusion length is on the order of 100’s nm in Cu which is a typical material
for the spacer. In the GMR structure, the spacer thickness is usually much smaller than the
spin diffusion length so that the spin polarization is maintained when electrons reach the second
layer. Then the probability for the electrons to transmit through the second ferromagnetic layer
depends on the relative orientation of its magnetization and the electron spin polarization which
is determined by the magnetization of the first layer. So when the second layer is parallel to the
first layer, the same spin that has experienced a low resistance from the first layer will also have
a higher probability to pass through the second layer. Overall this type of spin dominates the
transport property through the multi-layer structure, which gives a low resistance. If the second
layer is anti-parallel to the first layer, electrons of both spins experience high scattering in one
layer or the other, and the resistance thus changes to a higher value. This resistance change is
purely due to interactions with electron spins, so the GMR type of structure is also referred as a
spin valve.

In general, the resistance of a GMR structure is minimum when the two ferromagnetic lay-
ers are parallel, maximum when they are anti-parallel, and its dependence on the relative angle
between the two layers, θ, has roughly a cosine form:

R(θ) = RP +(RAP−RP)cos(θ) (1.1)

This resistance dependence on the relative orientation of the ferromagnetic moments makes
GMR useful in a number of applications. For example, it provides a way to electrically detect
the orientation of a ferromagnet. As mentioned previously, this has benefited greatly the hard
drive industry. It is also the read-out mechanism in MRAM applications. Furthermore, GMR
also has a broad impact in the study of spin dependent electron transport in solid state devices
and its discovery is widely considered as the beginning of the spintronics field. For this reason,
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1.1 Background of Spintronics

the 2007 Nobel Prize for Physics was rewarded to Fert and Grunberg for the discovery of GMR.

1.1.2 Tunnel Magnetoresistance

In a GMR structure, the non-magnetic metallic spacer can be replaced by a tunnel barrier. It will
still show a similar effect of resistance dependence on the relative orientation of the ferromag-
nets, but with an even larger change. This is the "Tunnel Magnetoresistance" (TMR) effect. This
effect was first discovered by Julliere in 1975 in Fe/GeO/Co magnetic tunnel junctions (MTJ) [4].
He also developed a simple model to explain the resistance change. His model assumes that the
electron spin is conserved during the tunnelling process. Therefore the tunnelling probability
of each type of spin can be calculated independently, as illustrated by Fig. 1.3. The tunnelling
probability across the tunnel barrier (and hence the conductance) is proportional to the density
of states of both initial and final states. Then we have

Figure 1.3: Spin dependent tunneling across the tunnel barrier for (a) parrallel configuration of two ferromagnet
and (b) anti-parrallel configuration. [5]

GP ∝ ρL↑ρR↑+ρL↓ρR↓GAP ∝ ρL↑ρR↓+ρL↓ρR↑ (1.2)

where Gp (Gap) is the parallel (anti-parallel) conductance, ρL↑ and ρL↓ (ρR↑ and ρR↓) are the
densities of states for up and down spins of the left (right) ferromagnet. By definition, the spin
polarization P is

P =
ρ↑−ρ↓
ρ↑+ρ↓

(1.3)

Therefore the tunnel magnetoresistance ratio can be calculated as

T MR =
RAP−RP

RP
=

GP−GAP

GAP
=

2PLPR

1−PLPR
(1.4)

Unlike in the GMR structure where the spin dependent transport only contributes a small part to
the total resistance, spin dependent tunneling has a dominating effect in TMR structure so that
the TMR ratio can be much larger than GMR. In early studies of MTJs, a TMR ratio of a few
10’s of percent was achieved with amorphous aluminum oxide (AlO) barriers. More recently,
single crystalline magnesium oxide (MgO) barriers were predicted to provide a much higher
TMR ratio due to the wavefunction match between the ferromagnetic electrodes and the tunnel
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1.2 Spin Transfer Torque

barrier [6], [7]. TMR ratios of around 200% were then demonstrated [8], [9] and led to intensive
studies in MgO based MTJs. Today TMR values of 600% at room temperature and over 1000%
at 4.2 K have been observed in CoFeB/MgO/CoFeB junctions [5]. We anticipate spin-dependent
tunneling to be relevant for the theoretical proposal of ours illustrated in Chapt. 3.

1.2 Spin Transfer Torque

We describe in detail the mechanism of STT first from a simple cartoon picture, where the mag-
netization is fix. Followed by a more realistic model where the magnetization is treated dynamic,
which can result in the possibility of magnetic switching where the orientation of the magneti-
zation is changes due to spin transfer.

In GMR and TMR structures, the ferromagnetic electrodes influence the transport property of
the spin polarized electrons via their magnetization. On the other hand, the spin polarized elec-
trons also have an effect on the ferromagnets, that is, they can apply a torque on the ferromagnets
via transfer of angular momentum. This torque can be strong enough to reverse the magneti-
zation of the nanomagnet or excite persistent precession of the magnetic moment. This "Spin
Transfer Torque" effect was first predicted by Slonczewski [10] and Berger [11] in 1996. Direct
experimental observations of spin-transfer-induced magnetic reversal were made in 1999 [12], [13]

and first measurement of steady state magnetic precession was done in 2003 [14], both at Cor-
nell. The spin transfer effect provides an efficient way to manipulate the magnetic moment of a
nanoscale magnet, which not only generates much interest in its technological applications, but
also enables new kinds of studies of magnetic dynamics. A recent review of spin transfer torque
can be found in [15].

1.2.1 A Cartoon Picture for Spin Transfer Torque

The spin transfer effect can be explained in a cartoon picture shown in Fig. 1.4. Consider a spin
polarized electron entering a ferromagnet whose magnetization is in a direction non-collinear to
the electron spin. When the electron passes through, as we have discussed in the GMR effect,
the ferromagnet polarized the electron spin so that the outgoing electron has its spin in the same
direction as the ferromagnet. If we then analyse the electron spin before and after, we will notice
that there is a net change in its angular momentum, shown as the light gray arrow in 1.4. Due to
the conservation of angular momentum, this component must be absorbed by the ferromagnet as
it depolarizes the electron, and therefore a torque is applied on the ferromagnet by the electron.
This seems to be a small effect, since the maximum angular momentum one electron can transfer
is only h̄/2. However as many electrons add together, for a small enough magnet, we can apply
a reasonable amount of current to achieve a torque strong enough to re-orient the direction of its
magnetization.

CHAPTER 1. INTRODUCTION 7



1.2 Spin Transfer Torque

Figure 1.4: Illustration of the transfer of angular momentum when a spin polarized electron passes through a
non-collinear ferromagnet. [15]

In a GMR or TMR structure of ferromagnet/spacer/ferromagnet, one of the ferromagnetic layers
is usually made thicker or kept fixed by exchange bias so that this layer (the fixed layer) is
less susceptible to spin torque and mainly serves as a polarized to provide spin polarization.
The other layer (the free layer) is usually thin and can be excited by spin torque. Figure 1.5
illustrated the dependence of the spin torque on the direction of the current. When electrons
flow from the fixed layer to the free layer, electrons are first polarized by the fixed layer, and
then apply a torque on the free layer that rotate it toward the fixed layer direction. If current
direction is reversed, the direction of torque on free layer is also reversed since now we need
to analyse the electrons reflecting back from the fixed layer which have opposite spins as they
enter the free layer compared to the previous case. The torque on the free layer now favours
anti-parallel configuration of the two layers. So by controlling the current direction, we can
control the direction of the spin torque, in favour of either parallel or anti-parallel configuration,
providing an efficient way to manipulate the magnetic moment of a ferromagnet.

Figure 1.5: Direction of the torque on the free layer depends on the direction of the current. [15]

The above picture is only an intuitive cartoon for purpose of illustration. To calculate the quan-
titative behaviour of spin torque, one needs account for many realistic factors, for example, the
detailed electronic structure of the material, whether the spin transport process is through dif-
fusive or ballistic transport, etc. More detailed discussion can be found in the review paper [15]
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1.2 Spin Transfer Torque

and references therein. One simple form for spin torque in a symmetric ferromagnet/metallic
spacer/ferromagnet structure was given by Slonczewski [16]

dM̂
dt

= g(θ)
γh̄I

eVf reeMs
M̂× (M̂× M̂ f ix) (1.5)

where M̂ and M̂ f ix are unit vectors for the magnetization of the two ferromagnetic layers, γ is the
gyromagnetic ratio, h̄ is the reduced Planck constant, I is the current, e is the electron charge,
Vf ree is the volume of the free layer, Ms is the saturation magnetization of the free layer, and
g(θ) is the unit less spin transfer efficiency. It has the form

g(θ) =
A

1+Bcos(θ)
(1.6)

where A and B depend on details of the layer structure.
As indicated by Eq. 1.5, the direction of the torque is confined to be in the plane defined

by the two ferromagnetic moments, perpendicular to the free layer direction, and pointing ei-
ther toward or away from the fixed layer moment depending on the sign of the current. This
behaviour is generally true for all metallic devices, while in magnetic tunnel junctions, there is
also a component perpendicular to the plane defined by the two moments and it has a non-linear
dependence on the bias applied across the tunnel barrier [17,18]. Nonetheless, Eq. 1.5 is good
enough to describe the general effects of spin transfer torque.

1.2.2 Magnetic Dynamics in a Nanomagnet

Typically devices structure consist of two ferromagnetic layers separated by a spacer. The mul-
tilayers are patterned into a elliptically-shaped nanopillar with size typically around 100 nm, see
Fig. 1.6. The top and bottom of the devices are connected to electrical leads to allow current to
pass perpendicularly through the multilayers.

Figure 1.6: (a) Structure of a nanopillar device. (b) SEM image of the elliptical shape of the nanopillar. [15]

In each of the ferromagnetic layers, the magnetic moments of individual atoms are strongly

CHAPTER 1. INTRODUCTION 9



1.2 Spin Transfer Torque

coupled together via exchange coupling. The result is that these magnetic moments will tend
to move together and the variations among different moments can usually be ignored on such
a small length scale. So we can substitute all the magnetic moments with a single moment or
a "macrospin". This macrospin picture makes the analysis much easier and is quite good in
explaining many behaviours of the magnetic dynamics in the nanomagnet.

In the thin elliptical-shaped magnetic free layer made of typical ferromagnetic materials
such as Ni/Fe alloy or Co/Fe alloy, the magnetic easy axis is along the long axis direction of the
ellipse due to shape anisotropy1. Without any external field, the magnetization of the free layer
will lie in the energy minimum direction which is along the easy axis and can point to either
end of the device. A detailed magnetic energy contour at zero external field can be calculated
within the macrospin model and is shown in Fig. 1.7. Away from the magnetic easy axis, the
energy contour has an elliptical shape due to the strong demagnetization field in the out-of-plane
direction. Therefore when the magnetization is excited, it will follow these energy contours and
precess around the easy axis.

Figure 1.7: Magnetic energy contour of a nanomagnet. [15]

The dynamics of the magnetization in the presence of spin transfer can be described by the clas-
sical Laudau-Lifshitz-Gilbert (LLG) equation including an additional term for the spin torque:

dM̂
dt

=−γM̂×He f f +αM̂× dM̂
dt

+g(θ)
γh̄I

eVf reeMs
M̂× (M̂× M̂ f ix) (1.7)

where He f f is the total effective field including the applied field Happlied and the anisotropy field
Hanis, and α is the damping constant. The first term is the field torque term τH which makes the
magnetization precess around the effective field direction, as illustrated in Fig. 1.8. The second
term is the damping torque τdamping which characterizes the energy dissipation. On average it
points toward the equilibrium position of the magnetization, so that without any excitation the

1The magnetic crystalline anisotropy in these materials is usually small and can be ignored.

10 CHAPTER 1. INTRODUCTION



1.2 Spin Transfer Torque

magnetization will relax back to the equilibrium. The third term is the spin transfer torque τST .
As discussed previously, the direction of this torque depends on the direction of the electron
flow. For electron flow from the fixed layer to the free layer, this torque is in the same direction
as the damping torque assuming the fixed layer also along the effective field direction, so that it
works with the damping torque to accelerate the relaxation of the magnetization. For electron
flow from the free layer to the fixed layer, this torque works against the damping torque and
thus can reduce the relaxation or even excite dynamics of the magnetization depending on its
strength relative to the damping torque.

Figure 1.8: Directions of the field torque τH , the damping torque τdamping, and the spin transfer torque τST . [15]

Usually the spin transfer torque is small compared to the field torque. So the effects of spin
transfer torque can be viewed as either increasing or decreasing the amplitude of the magnetic
precession. In general the magnetic dynamics excited by spin transfer torque can be categorized
into two types: switching and persistent precession.

1.2.3 Magnetic Switching

At zero or small fields, both directions along the easy axis correspond to local energy min-
imums so it is possible to switch the magnetization between these two directions with spin
transfer torque. For example, for a device with both free and fixed layers staying in the easy
axis direction and parallel to each other, if we flow a positive current defined as electron flow
from free to fixed layer, according to previous analysis, the spin torque acting on the free layer
points away from the fixed layer and destabilizes this configuration so that the magnetic mo-
ment of the free layer goes into a precession around the easy axis. When the current increases,
the amplitude of the free layer precession increases until it reaches the energy barrier which is
around 90◦. After that, the damping torque changes its direction and points toward the other lo-
cal energy minimum. Now the spin torque and the damping torque are in the same direction, and
the free layer relaxes to that energy minimum corresponding to anti-parallel alignment relative

CHAPTER 1. INTRODUCTION 11



1.2 Spin Transfer Torque

to the fixed layer. Similarly, starting in the anti-parallel configuration, a strong enough negative
current can switch the free layer back to the parallel configuration. If we monitor the resistance
of the device, it will exhibit a hysteresis loop as we sweep the current, as shown in the example
scan in Fig. 1.9.

Figure 1.9: Hysteresis loop of resistance as a function of current. [19]

The current required to achieve switching at zero temperature (no thermal excitations) is defined
as the critical switching current Ic . Above Ic, the spin torque is stronger than the damping torque
and drives the free layer moment to switch direction. Figure 1.10 is a simulation example of a
switching event. The switching proceeds via a precessional motion of the magnetization with
increasing amplitude. Since the precession frequency is in the range of GHz, the switching can
be a very fast process and typically finishes within a few nanoseconds. The switching time has
a dependence on current in the form [19]

ts ∝
1

I− Ic
. (1.8)

Figure 1.10: An example of a simulated spin transfer switching event. (a) Trajectory of the switching. Red arrows
indicates the direction of the free layer before (dotted line) and after (solid line) switching. Blue arrow indicates
the direction of the fixed layer. (b) Corresponding normalized GMR as a function of time. [20]

When the applied current is less than Ic , the spin torque cannot drive the free layer moment
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1.2 Spin Transfer Torque

to directly cross the energy barrier to achieve switching. Instead, it can only excite magnetic
precession at small amplitudes. However, switching can still occur in this situation at finite tem-
peratures due to thermal excitations. This is simply a thermal activation process. Disregarding
spin transfer effect, thermally assisted magnetization reversal has been studied for a long time.
The switching probability P(t) can be described by the Neel-Brown relaxation time formula [20]

P(t) = 1− exp
(
−t
τ

)
(1.9)

where t is the observation time, and τ is the relaxation time. τ is given by

τ =
1
f0

exp
(

Eb

kBT

)
(1.10)

where f0 is the attempt frequency, Eb is the energy barrier, and T is the temperature. The effect
of spin transfer on the thermally excited magnetic switching has also been studied in a number
of experiments [19,21]. Theoretical calculations [22,23] suggest that the thermal fluctuations can
be modelled by a fluctuating field with a Gaussian stochastic process. Then by solving the
stochastic LLG equation including the fluctuating thermal field and its corresponding Fokker-
Planck equation, they found that the form for the relaxation time τ can be modified as the
following

τ =
1
f0

exp
[

Eb

kBT

(
1− I

Ic

)]
(1.11)

Therefore the effect of spin transfer torque can be viewed equivalently as introducing either an
effective energy barrier E∗b =Eb(1−I/Ic) or an effective temperature T ∗b = T/(1−I/Ic). Above
and below Ic, the switching time has very different dependences on the applied current Eq. 1.8
and Eq. 1.11. In order to achieve a very short switching time, a large current is required. This
presents a problem for ST-MRAM applications. Many strategies have been pursued to improve
the performance of spin transfer switching. These include: reducing the switching current by
using large-aspect-ratio elliptical shape to reduce the volume of the free layer while maintaining
thermal stability [24] or by partially cancelling the free layer demagnetization field [25], increas-
ing the switching speed by using a perpendicular polarize to achieve out-of-plane precessional
switching [26,27], and maintaining thermal stability by using perpendicularly magnetized materi-
als [28]. We recall that a goal of the theoretical proposal of this Thesis is to improve the efficiency
of spin transfer torque using coherent light without heating the system.

Another related topic is to develop techniques to characterize the magnetic switching pro-
cess driven by the spin torque, especially on the ultrafast time scale down to below 1 ns. One
technique is to study statistically the switching induced by nanosecond current pulses [24,29]. In
this type of measurement, the device is excited by a nanosecond current pulse many times and
the switching probability is measured. This technique is useful in determining the value of the
critical current and its dependence on various experimental conditions and material parameters.
However, it does not provide much information about the magnetic dynamics during switching.
Another technique is to directly measure the switching in the time domain [19,30,31]. During the
switching process, the precession of the free layer induces a resistance oscillation which is, at
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the same time, converted to a voltage oscillation by the applied current bias. This oscillating
voltage signal can then be recorded by an oscilloscope. For metallic spin valves, this voltage
signal scale is very small due to the small GMR ratios. Therefore, to achieve enough signal-
to-noise ratio requires averaging over many switching events [19,30,32]. However due to thermal
fluctuations, the switching is not a repeatable process so that most of the oscillation signal is
washed out after averaging. In magnetic tunnel junctions, the large TMR ratio makes it possible
to study the switching with single-shot technique on an event-to-event basis [33,31].

1.2.4 Persistent Magnetic Precession

The other type of dynamics that can be excited by spin transfer torque occurs when a large
magnetic field is applied on the sample. In this case, the energy profile of the free layer is
changed and there is only one local energy minimum which is along the magnetic field direction.
Now if a positive current is applied to the sample, the spin torque can drive the free layer away
from the energy minimum. Since there is no other stationary equilibrium state, the free layer
will remain in a dynamic state - it will precess steadily around the field direction, as shown in
Fig. 1.11. During one cycle of precession, the spin torque cancels out the damping torque on
average so that the precession reaches a steady state. This steady-state precession produces a
resistance oscillation and hence a voltage oscillation in the microwave frequency range. The
frequency can be tuned by the applied field and the applied current. These features allow spin
transfer devices to be used as nanoscale microwave oscillators with tunable frequencies.

Figure 1.11: Illustration of persistent magnetic precession. (a) Trajectory of a simulated persistent precession.
(b, c) Characterization of the persistent precession in (b) frequency domain [14] and (c) time domain [30].

The first direct experimental observation of spin-transfer-driven persistent precession was made
at Cornell in 2003 by measuring the microwave signal with a spectrum analyser [14]. It can
also be measured directly in the time domain [30,34]. One important issue regarding spin-transfer
based nano-oscillators are the coherence time. Long coherence time means narrow linewidth
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in the power spectrum, and this is desirable for nano-oscillator applications. A lot of efforts
have been made in trying to understanding the mechanisms limiting the linewidth of spin-
transfer-driven oscillations. In spin valve structures, experiments have been made to study
the dependence of linewidth on temperature [35], on the excitation of the fixed layer dynam-
ics [36], on the in-plane angle of the magnetic field [37], and on the switching between diffe-
rent dynamic modes [34]. Non-uniform magnetic structures such as magnetic point contact de-
vices [38,39] and magnetic vortex devices [40,41] have also been studied and have achieved much
narrower linewidths than in spin valves.

Spin-Transfer Ferromagnetic Resonance

Besides the DC-driven persistent precession, an AC current can also excite magnetic dynamics
in a resonant fashion. The AC-excited magnetic precession can be detected by measuring a DC
voltage resulting from mixing between the resistance oscillation and the AC current drive. This
Spin-Transfer Ferromagnetic Resonance (ST-FMR) technique [42,43] is similar to the traditional
ferromagnetic resonance, but can be performed in much smaller samples. It can characterize
important material properties such as magnetic damping [44]. It can also directly measure the
strength of the spin transfer torque, and, particularly, in magnetic tunnel junctions, it can provide
quantitative measurements of the spin torque vector and its bias dependence [45,46], which is
very important in understanding the spin dependent tunnelling process and characterizing and
optimizing the MTJs for applications. Furthermore, it can provide information about magnetic
modes observed in the DC-driven dynamics measurements [44].

1.3 Dilute Magnetic Semiconductors

We introduce a brief introduction to diluted magnetic semiconductors, and more specifically to
Ga1−xMnxAs. We describe the electronic structure of Ga1−xMnxAs and the magnetic interac-
tions that may be relevant for this material, and discuss the hole mediated ferromagnetism in
more detail. A brief overview is given of theoretical models that describe the origin of the ferro-
magnetism in Ga1−xMnxAs, as these are the candidate materials to realize the junction we have
theoretically studied in this Thesis.

Diluted magnetic semiconductors (DMS) consist of standard semiconductors in which some
subset of the lattice atoms is randomly substituted by a magnetic atom, thus inserting local mag-
netic moments in the semiconductor matrix shown in Fig. 1.12. These magnetic moments can
originate from 3d or 4 f open shells of transition metals or rare-earth elements, respectively,
so that typical examples of DMS are Cd1−xCoxSe, Hg1−xFexSe, Zn1−xCoxS, Ga1−xMnxAs,
In1−xMnxAs and Pb1−xEuxTe [47]. In most cases Mn is used as the magnetic dopant. The term
DMS is usually reserved for single-phase systems to differentiate them from systems where
magnetic second phases are incorporated as precipitates. In early works DMS materials have
been also referred as "semimagnetic semiconductors" [48].
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Figure 1.12: Schematic representation of a) non-magnetic semiconductors and b) diluted magnetic semiconduc-
tors. [49]

As magnetic semiconductors these materials combine the complementary properties of semi-
conductors and ferromagnets. DMS can exhibit a wide range of magnetic properties, from para-
magnetism and spin-glass behaviour to ferromagnetism. They can span the range from highly
insulating to metallic, even in the same alloy system.

In the 1970’s and 1980’s research on DMS was mainly focussed on II-VI based systems
in which the valence of the cations matches that of the common magnetic ions such as Mn [47].
Although such materials are relatively easy to prepare, it is difficult to add p- or n-type doping
to II-VI based DMS. The magnetic interaction in these materials is therefore dominated by the
antiferromagnetic exchange among the Mn spins, which results in paramagnetic, antiferromag-
netic, or spin-glass behaviour. However ferromagnetic ordering, with Tc < 10K can be obtained
in II-VI DMS with sufficient p-type doping [50,51], when the antiferromagnetic exchange is over-
compensated by ferromagnetic interactions mediated by RKKY interaction [52].

The III-V semiconductors with a sizeable concentration of magnetic elements were not ob-
tained until the 1990’s due to the low solubility of transition metals in III-V materials of the
order of 1018 cm3 or less. The use of non-equilibrium growth, primarily by molecular beam
epitaxy (MBE) at relatively low temperatures, made it possible to grow III-V DMS such as
In1−xMnxAs [53,54] and Ga1−x MnxAs [55] with a considerably higher concentration of magnetic
atoms.

1.3.1 Ga1−xMnxAs as a model system for III-V DMS

In III-V diluted magnetic semiconductors typically a fraction of the group-III cations is substi-
tuted by transition metal, mostly Mn. As the valence of the Mn ions in this position is 2, they
do not only act as magnetic impurities but are also acceptors and dope the system with holes.
There is a general consensus and vast experimental evidence that these holes mediate the ferro-
magnetic exchange interaction between the localized Mn spins. As these holes carry electrical
current through the system, there is a crucial interaction between the transport properties, which
are determined by the electronic band structure of the material, and the magnetic properties,
determined by the nature of the magnetic impurities and the magnetic coupling.

The successful growth of ferromagnetic Ga1−xMnxAs films [55,56] and the relatively high
Curie temperature Tc up to 110 K that could be obtained [57,58], attracted a lot of interest for
this material from both a fundamental and an applied point of view. Nowadays Ga1−xMnxAs
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is one of the most extensively studied and best understood magnetic semiconductors. Mn con-
centrations that are typically studied vary between 2% and 10% of the total number of Ga-sites,
and Tc values between 10 K and 173 K [53] can be obtained, depending on the Mn content and
growth parameters, where the highest Tc’s are obtained after a post-growth annealing treat-
ment [53]. Ga1−xMnxAs has so far been successfully used in spin injection and detection experi-
ments [59,60], and in components based on the TMR effect [61]. Although the Curie temperatures
are still far below what is required for room temperature applications, Ga1−xMnxAs is very often
considered as an important model system for III-V diluted magnetic semiconductors.

1.3.2 Dynamic polarization of electrons in a non-magnetic layer.

The article by V.L. Korenev et al. [62] suggested following experimental setup to polarize elec-
trons created by photoexcitation in a FM layer. A hybrid ferromagnet-semiconductor systems
is used, in which the different constituents take over the separate tasks required for making the
device functional as a FM semiconductor. In such a FM-SC hybrid system, each component
have specific properties as high charge carrier mobility.

This type of hybrid system could be a candidate for spintronic diverses, however besides
the readout of the FM and that the device is electrical control which means that a high den-
sity ∼ 108Acm−2 electric current [10,15], should be used for reorientation of the FM, such a
huge current density would damage the semiconductor. The threshold can be decreased down
to 105Acm−2 in the low-temperature Mn-based ferromagnetic semiconductors [63]. Therefore,
methods for reducing the current density have to be considered, whereas one method could be
a coherent control of the STT by means of the sub-bandgap optical Stark effect. Which show
promising results to change the efficiency of the STT without heating the system, suggested in
this thesis.

Figure 1.13: Spin orientation of photoexcited carriers by FM layer. (a) Scheme of structures used by V.L. Korenev
et al. [62] (b) Scheme of structures suggested in this thesis.

The GaAs-based structures, fig. 1.13 (a), used by V.L. Korenev et al. [62] are very similar to
the structure proposed in this thesis, see Fig. 1.13 (b) which thereby indicates that a hybrid
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ferromagnet-semiconductor structure makes a interesting candidate for further work.
The spin separation is a result of an intense circularly polarized photoluminescence of the

structure. The laser illumination have a photon energy h̄ω = 1.92 eV, slightly higher than the
band gap of the GaAs, the photoluminescence spectrum consists of emission from the quantum
well with a maximum at 1.417 eV, Fig. 1.14 (a), this emission arises from recombination of
electrons and heavy holes in the ground states. The transfer of electron spin from the FM into
the SC bulk is negligible in such a structure, so that the detection of ferromagnetism is local
( < 10 nm resolution). Figure 1.14 (b) shows the polarization hysteresis loop, measured at the
photoluminescence maximum under linearly polarized above-barrier excitation. The coercive
force is determined to be Bc ∼ 9 mT, and the polarization, measured at 80 mT field strength, is
3.5 %. The appearance of hysteresis demonstrates that the polarization degree of the quantum
well emission is controlled by the GaMnAs FM layer (magneto-optical Kerr rotation reveals a
hysteresis loop with a shape that is similar to the one in fig. 1.14 (c). The magnetization of this
layer is, however, detected by carriers localized in the InGaAs quantum well. The presence of
hysteresis also means that the easy axis of magnetization is non-orthogonal to the growth axis
[001], as reported for GaAs/AlGaAs structures with a δ-Mn layer.

The experiential procedure can thereby, be used as a guideline for experiential support of
the theoretical proposal of this Thesis.

Figure 1.14: Spin orientation of photoexcited carriers by FM layer. (a) Spectra of photoluminescence intensity
(black curve) and polarization (red points) for 10 nm sample under linearly polarized excitation with photon
energy 1.92 eV and power 2 mW. (b) Polarization hysteresis loop in Faraday geometry in 10 nm sample for the
transition e-hh. [62]

There are two main contributions to the FM-induced spin polarization of SC charge carriers:
the first one is the equilibrium spin polarization due to the thermal population of spin levels
split by the exchange magnetic field of the FM. In this case, the FM layer acts as spin polar-
izer. The second one is the non-equilibrium polarization arising from the spin transfer through
the FM-SC interface. The authors of reference [64] use the FM as spin separator redistributing
the spins spatially. The former mechanism is expected for FM/QW hybrids [65,64], whereas the
latter is demonstrated via the spin injection/reflection of free electrons at a FM-SC interface.
Here we show unambiguously that, in contrast to previous expectations, the spin polarization in
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GaMnAs-based FM/QW hybrid is a non-equilibrium, dynamic one. The spin-separation effect
considered here is due to the QW electrons and would take place even for the FM/QW hybrid
embedded into insulating that is, non-injection structure.

1.3.3 Electronic structure

In this subsection we review in some detail the electronic structure of GaMnAs. As this is the
candidate material for the active layer of the junction studied in this thesis, it is important to
recall under which conditions the material is transparent to the light shining the junction.

Mn impurity levels

GaAs is a direct band gap semiconductor with an energy gap Eg = 1.42 eV at 300 K [66]. When
magnetic impurities like Mn are incorporated in a semiconductor their magnetic and transport
properties will depend on the positions of the energy levels corresponding to the magnetic shells
with respect to the energy bands of the host semiconductor. Together with the on-site correlation
energy U , this position of the Mn energy levels will determine the charge and spin state of the
Mn atom, and whether it will act as a dopant. Isolated Mn atoms have (Ar)3d54s2 electron con-
figuration, and when these atoms are incorporated in a III-V semiconductor, they are expected
to substitute the trivalent cation. As the Mn atom has only two valence electrons, the formation
of a hole is expected and at this substitutional position there are three possible electronic ground
states for the Mn impurity: A0(d4), A0(d5 + h) and A−(d5) [67]. Here, A0 denotes the state in
which the Mn center is neutral in respect to the GaAs background and thus corresponds to a
Mn3+ state, while A− is the "negatively charged" Mn2+ center. The notation in brackets is the
electronic configuration of the d-electrons.

In case of A0(d4) the hole resides in the Mn 3d shell. In GaAs doped with Mn the A0 (d4)

configuration is not observed [67], as due to a strong intra-site Hund coupling a state with five
d-electrons is energetically more favourable, as is the case for A0(d5 + h) and A−(d5). In ac-
cordance to that, photoemission measurements in Ga1−xMnxAs [68] reveal an energy level deep
(∼ 2.7 eV) below the valence band edge which can be attributed to the Mnd4/d5 acceptor state,
i.e. the transformation of the triply ionized ions Mn3+ into Mn2+. As the acceptor state lies
under the top of the valence band, the ground state corresponds to the Mnd5 state. This is
corroborated by x-ray magnetic circular dichroism (XMCD) studies which indicate that the 3d
electron count of Mn is ∼ 5 [69].

When an A0(d4) traps an electron tightly in the 3d shell forming the high spin, S = 5/2, 3d5

configuration, it is negatively charged in respect to the GaAs background and can therefore bind
the hole in a effective mass acceptor state A0(d5+h). The energy of this hydrogen-like state will
then be found just above the valence band, where the binding energy of the hole corresponds to
the ionization energy of the acceptor. In the low doping range Mn ions are indeed found to be
acceptors with an ionization energy of 112 meV [66]. Various experimental results indicate that
the ground state of the Mn impurity at low doping concentrations corresponds to the A0(d5 +h)
configuration [67]. Photoemission experiments show that the itinerant holes originating from the
Mn acceptor level mainly have an As 4p-character, and can thus be associated with the host

CHAPTER 1. INTRODUCTION 19



1.3 Dilute Magnetic Semiconductors

semiconductor valence band [70]

Figure 1.15: Schematic representation of the Ga1−xMnxAs energy band diagram at k = 0 as a function of the Mn
content. [70]

When the Mn concentration is increased the acceptor states will start to overlap and the energy
level will broaden and form an impurity band, see Fig. 1.15. At high Mn content this impurity
band will merge with the GaAs valence band, leading to the insulator-to-metal transition as holes
are induced in the valence band that can be considered as itinerant. In this case the ground state
of some of the Mn atoms will be A−(d5), where the hole resides in the valence band and the
Mn ion is in the 3d5 (S = 5/2) configuration. Electron spin resonance (ESR) spectra for MBE
grown low-temperature Ga1−xMnxAs show only one resonance corresponding to g = 2.0 [67],
which is attributed to A−(d5) centres. This configuration will also be favoured due to the high
hole concentrations in the typical doping range of Ga1−xMnxAs, which may lead to screening of
the Coulomb potentials of the A− centres, resulting in a lower ionization energy of the holes [67].

Metal-insulator transition

An additional effect which will in general influence the electronic structure of a semiconductor is
the correlation between the charge carriers. These electron-electron (or hole-hole) interactions,
result in a Hubbard split of the impurity band: an upper Hubbard band (UHB) is formed and the
center of this band is separated from the middle of the actual impurity band or lower Hubbard
band (LHB), by the correlation energy U. If one for example considers that an impurity center
has a finite probability of being occupied by two charge carriers, then these two charges will
repel each other and the correlation energy U is the Coulomb repulsion between two electrons
in the same impurity orbital. When the doping level increases, then the distance R between
the impurities decreases and both the lower and the upper Hubbard band broaden until they
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overlap, as schematically depicted in Fig. 1.16 for electrons. Mott suggested that at this point,
the metal-insulator transition2 (MIT) occurs [71,72]. He also predicted that the MIT should occur
at a critical electron concentration, nc, given by n1/3

c aB ≈ 0.25 [72] where aB is the effective Bohr
radius for the isolated impurity center.

Figure 1.16: Schematic illustration of the dependence of the Hubbard bands on impurity concentration. R
is the mean distance between two neighbouring impurities (R ≈ n1/3), while 1/Rc marks the metal-insulator
transition. [71,72]

Ga1−xMnxAs can be considered as a charge transfer insulator, since the coupling of the carriers
with the magnetic Mn centres significantly enhances the separation between the two Hubbard
bands. Therefore one has to consider merging of the impurity band i.e. the lower Hubbard band
with the valence band, rather than merging with the upper Hubbard band. As a consequence
the critical distance Rc for the merging of the relevant bands decreases by a factor of two [71,72].
Like in other doped semiconductors, the metal-insulator transition will occur when the distance
between the Mn acceptors becomes smaller than Rc ≈ 2.55aB

[71,72]. Since this distance is ap-
proximately N−1/3

A , with NA the acceptor ion density, one easily finds a simple criterion for the
critical acceptor density nc, similar to that derived by Mott [71,72]:

n1/3
c aB ≈ 0.4 (1.12)

The Bohr radius of Ga1−xMnxAs can however be estimated in several ways:

• When one considers the holes occupying the localized state of a single quantum-well,
the energy eigenvalues are found to be dependent on the localization radius. Using the
experimental Mn ionization energy Ea = 112 meV [66] the effective Bohr radius can thus
be calculated as [73,74]

2One can also more generally call this a metal-nonmetal transition. However, for T → 0 a semiconductor can be
considered as an insulator.
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aB =
h̄√

2m∗hEa
= 7.8Å (1.13)

where h̄ is Planck’s constant divided by 2π and m∗h is the effective hole mass, which is
evaluated at 0.56 times the electron mass [74]

• Applying the hydrogen model, effective mass theory, for a hole bound to the Mn acceptor
ion in a dielectric GaAs background gives

aB =
4πε0εr h̄2

m∗he2 = 11.7Å (1.14)

Here, ε0 is the vacuum permittivity, e is the electron charge, and εr is the static dielectric
constant of the semiconductor matrix, εr = 12.4 for GaAs [66].
• Other expressions or slightly different estimates for the above parameters lead to similar

values e.g. aB ≈ 10Å is also used in literature [75,76].

The quantum-well estimate, aB = 7.8Å, starts from the experimental ionization energy and is
therefore likely to be more accurate. Moreover, amongst the cited values, it gives the highest
critical concentration for metallic behavior, Nc = 1.3 · 1020cm−3 or xc ≈ 0.006%. However, as
noted by Dietl et al. [77], a strong p-d antiferromagnetic interaction between the localized Mn
spin and the hole spin enhances strongly the acceptor binding energy and reduces aB. Thus the
critical doping concentration can easily mount up to the experimentally found lower limit for
metallic behaviour: xc ∼ 1−1.5% [78] or Nc ∼ 3.3 ·1020cm−3. When assuming xc = 0.015, one
can estimate this reduced Bohr radius as

aB = 5.7Å (1.15)

Note that this value is approximately the Ga1−xMnxAs lattice parameter, and thus still larger
than the distance between the Mn ion and the neighbouring As anions dMn−As ≈ 2.4Å, and the
Mn-Ga distance dMn−Ga ≈ 4.0Å. Detailed theoretical studies [79,80] that include disorder and the
typical defect configurations in Ga1−xMnxAs, predict a metal-insulator transition for 1% Mn
doping in GaAs, in good agreement with the experimental values.

Effects of disorder

The electronic band structure which is sketched above is still simplified a lot. One of the main
refinements of this impurity band picture is the inclusion of disorder effects. A first effect of
disorder is band tailing. The random distribution of charged impurities results in potential fluc-
tuations of the band edges. This typically results in a tail is which is formed in the density of
states at the band edge, due to states with energy above the unperturbed valence band.

The most important consequence of disorder is the possibility of charge localization. An-
derson studied the impurity band structure for a non-ideal impurity lattice, by assuming a regu-
lar lattice of potential wells with a random depth [73,81]. His model contains one dimensionless
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parameter W/I, where I is the overlap integral for neighbouring sites, while W is the energy in-
terval in which the energy distribution can be considered uniform, and thus W is a measure for
the disorder in the lattice. When W/I increases, i.e. increasing disorder and/or reduced overlap
between neighbouring sites, regions with localized states appear at the band edges. The energy
which separates the localized states at the band edges from the delocalized states in the middle
is called the mobility edge Em. As the disorder/overlap ratio increases the localized regions
expand, until they take up the entire band for sufficiently large W/I. A similar phenomenon is
expected for potential wells with constant depth but with a random distribution in space.

This model illustrates that depending on the doping, the compensation and the amount of
disorder the electronic states in a impurity band may be localized or delocalized. By changing
any of these parameters the Fermi level may cross from a region with localized states to a re-
gion with delocalized states. If the states at the Fermi level are extended than the system can be
considered as metallic and the conductivity will tend to a finite value for T → 0. If the states
at the Fermi energy EF are localized, then the electrical transport at low temperatures can only
occur through electron or hole hopping, while at higher temperatures conduction can also take
place by thermally activating charge carriers above the mobility edge. This model thus presents
an alternative mechanism for the metal-insulator transition. To describe the MIT in a doped
semiconductor both disorder as charge correlations must be considered and the Hubbard model
and the Anderson model must be combined [71,72]. The MIT will then no longer occur when the
upper and lower Hubbard band begin to overlap as both band edges will consist of localized
states, but when the band broadening becomes large enough for EF to cross the mobility edge.

In Ga1−xMnxAs with x> 0.015 the situation will be similar to what is drawn in Fig. 1.17(b).
As estimated above, the Mn impurity band starts to overlap with the valence band at xc ≈ 0.006,
while the typical Mn concentrations in Ga1−xMnxAs films largely exceed this critical value with
0.02≤ x≤ 0.08, so the overlap of the bands will be considerable. The doping efficiency deter-
mines to what extent the impurity band will be filled with holes, and thus it indicates whether
and how deep the Fermi level resides in the valence band. Note that the discrepancy between
the estimated xc ≈ 0.006 and the experimentally observed xc ≈ 0.01−0.015 may also be due to
the fact that the overlapping regions of the impurity and the valence band initially only contain
localized states.

The region with localized states at the band edges in Fig. 1.17 only serves as an illustration,
since the exact position of the mobility edge will depend strongly on the amount of disorder in
the Ga1−xMnxAs layer, and is thus influenced by the doping level, the defect concentration and
the compensation. The relative positions of the Fermi level, the mobility edge and impurity
band itself will eventually determine the transport properties, and should be considered for ev-
ery sample individually. As will be discussed below, it is still a controversial issue whether the
transport in Ga1−xMnxAs is really carried by itinerant or weakly bound holes that reside in the
valence band, or rather by extended or bound carriers in the impurity band.

Due to the high concentration of randomly distributed charged impurities and the large
amount of defects present in the samples, the disorder effects in Ga1−xMnxAs are expected to
be strong, and although the systems may be above the Mott limit, they are close to being An-
derson insulators due to these strong disorder effects. An overview of the effects of disorder on
the transport and magnetic properties of diluted magnetic semiconductors, and Ga1−xMnxAs in
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specific, can be found in a recent review article by Timm [82].

Figure 1.17: Schematic representation of the band structure in a Ga1−xMnxAs compound with (a) x� xc and (b)
x > 1.5%. The localized states are dashed, while the gray region indicates the occupied states at T = 0K. [82].

1.3.4 Magnetic interactions

In orthogonal orbitals3, of equal energy, electrons remain unpaired if possible in order to min-
imize electron-electron repulsion. For the same reason these unpaired electrons try to align
parallel, since due to the Pauli exclusion principle, electrons with the same spin keep away from
each other better than those of opposite spin, thus minimizing the Coulomb repulsion. The ap-
plication of this guideline for atoms and molecules is known as Hund’s rule, and can lead to
quite high spin states and atomic moments. In Mn2+ for example, applying Hund’s rule leads to
the alignment of the five unpaired electrons to give the high spin S = 5/2 in the 3d level. Many
materials that contain atoms with a net magnetic moment, show some type of spontaneous mag-
netic ordering below a certain transition temperature. A material is called ferromagnetic when
the moments are aligned parallel to each other, and the transition temperature is then called the
Curie Temperature TC . For such a spontaneous ordering to take place, one needs a coupling
or interaction between these moments, as the classical dipole interaction is typically not strong
enough to provide the normal ordering mechanism.

3Orbitals with different orbital quantum numbers

24 CHAPTER 1. INTRODUCTION



1.3 Dilute Magnetic Semiconductors

Exchange interactions

There are several origins for the interactions between the magnetic moments that can lead to
a long-range ordering of the unpaired spins, called exchange interactions. The most common
exchange interactions are schematically illustrated in Fig. 1.18.

Figure 1.18: Schematic illustration of (a) direct exchange, in which the magnetic ions interact through their
overlapping charge distributions; (b) superexchange, where the interaction takes place via an intermediate non-
magnetic ion; and (c) indirect exchange, in which the interaction is mediated by interactions with the charge
carriers. [75]

• Direct exchange occurs when there is direct overlap of the wave functions of electrons
associated with nearest-neighbour magnetic atoms. This direct exchange can also be un-
derstood intuitively in terms of the Pauli exclusion principle and the Coulomb repulsion of
alike charges, since the Coulomb repulsion, and thus the associated energy, will be lower
if the electron spins of the neighbouring atoms are aligned parallel, because the exclusion
principle then ensures their spatial separation. In diluted magnetic semiconductors the
distance between the magnetic impurities is typically too large for the direct exchange
mechanism to be relevant.
• Superexchange is a an indirect exchange mechanism, that describes the interaction of

magnetic cations via an intermediate non-magnetic anion. In the case of II-VI and III-V
diluted magnetic semiconductors, the superexchange results from the spin dependent hy-
bridization between anion p and Mn d states and leads to a short-range antiferromagnetic
(AF) coupling among the Mn moments. In the absence of holes, Mn-based II-VI and
III-V DMS are indeed found to be antiferromagnets [47].
• When the direct overlap of the magnetic atoms is small, they are also able to interact

through indirect exchange interactions which are mediated by the charge carriers. This
indirect exchange can occur through several mechanisms such as the RKKY [52] interac-
tion, the double exchange or the Zener mechanism. In diluted magnetic semiconductors
it is exactly this indirect exchange which will lead to the ferromagnetism that can be
observed in compounds like Ga1−xMnxAs.

Hole mediated ferromagnetism

Several experimental results indicate that the ferromagnetic interaction in diluted magnetic
semiconductors is mediated by the charge carriers, which are in most cases valence band holes.
Ferromagnetic ordering in II-VI DMS for instance, can only be obtained with sufficient p-type
doping [50], indicating that the antiferromagnetic exchange in these samples can be overcompen-
sated by ferromagnetic interactions mediated by band holes. A similar phenomenon is observed
in III-V DMS, since the magnetic interaction among Mn has been shown to be antiferromagnetic
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in n-type In1−xMnxAs [83] and in fully carrier compensated Ga1−xMnxAs using Sn as a donor,
indicating the critical role of the holes for the magnetic coupling. The carrier-induced nature
of the ferromagnetic state in III-V DMS has been compellingly demonstrated by field-effect
experiments on In1−xMnxAs [84], where the carrier concentration was tuned by a gate and the
critical temperature was modified accordingly. The hole mediated origin of the ferromagnetism
in Ga1−xMnxAs is further evidenced by the correlation between its transport and magnetic prop-
erties.

Figure 1.19: Schematic illustration of the hole mediated exchange interaction in diluted magnetic semiconduc-
tors. A long range ferromagnetic interaction of the Mn spins results from a strong anti-ferromagnetic coupling of
the itinerant or weakly bound holes tothe localized spins. [47]

The ferromagnetic properties of diluted magnetic semiconductors result from the presence of a
spin-dependent interaction between the electrons or holes in the sp bands of the semiconductor
host and those residing on the d shells of the magnetic impurities [47], as illustrated schematically
in Fig. 1.19. This interaction assumes a form of the Heisenberg exchange coupling,

Hex =−Jex ŝ · Ŝ, (1.16)

where Jex describes the strength of the interaction between the carrier spin ŝ and the transition-
metal spin Ŝ. If Jex is positive then the lowest energy state corresponds to a parallel spin align-
ment, while an antiferromagnetic alignment is favoured when Jex is negative. In Ga1−xMnxAs,
the hybridization of the valence band holes with p-orbital character and the Mn d states results
in spin-dependent interaction, the so-called kinetic exchange, which is characterized by a rather
large exchange energy Jpd ∼ −1eV [47]. The negative sign of Jpd reflects an antiferromagnetic
coupling between the hole spin and the localized Mn spin. These sp− d exchange couplings
give rise to a spin-splitting of the bands proportional to the sample magnetization.

The antiferromagnetic coupling between the hole spin and the localized Mn spin leads to a
long range ferromagnetic coupling between neighbouring Mn spins, see Fig. 1.19, which even-
tually results in a ferromagnetic state at low temperatures. In principle various mechanisms for
the hole mediated exchange coupling in Ga1−xMnxAs are possible:

1.3.5 Theoretical models

In this section a brief overview is given of theoretical models that describes the origin of the
ferromagnetism observed in Ga1−xMnxAs. The theoretical modelling of diluted magnetic semi-
conductors takes starting point from the effective Hamiltonians containing experimentally de-
termined parameters. The latter models are semi-phenomenological, as they assert, rather then
derive, some key features of the material, such as the localized nature of the Mn d-orbital mo-
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ments and the p− d hybridization parametrized by an effective exchange constant Jpd . The
effective magnetic Hamiltonian in these models is also known as the kinetic-exchange interac-
tion, given by

Hk−e = Jpd ∑
i

∫
d3rδ(r−Ri)Ŝi · ŝ(r) (1.17)

where Ŝi is the Mn spin at site Ri, ŝ is the spin of the carrier at site r and Jpd > 0 is the antiferro-
magnetic p−d exchange constant. The sum over i goes over all the Mn sites in the GaAs lattice,
and the delta function reflects the short range character of the interaction. This Hamiltonian is a
well-known interaction Hamiltonian in condensed mater physics.

Although it is generally accepted that the ferromagnetic coupling between the local mo-
ments of the Mn ions in Ga1−xMnxAs is mediated by holes in the semiconductor valence band,
the electronic nature of these holes is still a somewhat controversial issue. The ferromagnetism
in Ga1−xMnxAs and other diluted magnetic semiconductors is often discussed using one or the
other of two extreme models, which consider weakly disordered holes with an itinerant character
residing in the valence band, and localized holes residing in an impurity band, respectively. The
key approximation of the first approach is that disorder in the magnetically doped semiconduc-
tor is either ignored or treated perturbatively, while the second approach assumes that the holes
are strongly localized in approximately hydrogenic wave-functions bound to Mn acceptors. In
the latter case the holes reside in an impurity band, and, as discussed earlier, this picture is ex-
pected to be valid in the low density regime, where the resistivity shows insulating behaviour.
At higher Mn densities and sufficiently large hole concentrations, it is expected that the impurity
band merges with the valence band, so that the holes will likely reside in extended valence band
states. However, some authors question the presence of extended valence band holes, even at
more elevated Mn contents, and suggest that the Ga1−xMnxAs that show "metallic" behaviour
at low temperatures may very well also be insulating at T = 0 K [85].

1.4 Optical Reversal of Magnetization

In this section we review the effect of light on magnetization when the photon energy is larger
the semiconductor gap. In this case, the absorbed photons are real, whereas in our theoretical
proposal the absorbed photons are virtual as the photon energy is smaller than the gap.

The impact of the laser pulse on a ferromagnetic Ga1−xMnxAs sample, with the photon energy
exceeding the energy of the band gap Eg = 1.42 eV leads to an instant generation of the electron-
hole pairs, where the concentration of the photon induced holes δnh and electrons δne is equal.
The scattering processes among the carriers build up a hot carrier Fermi-Dirac distribution on
the sub-picosecond time scale [86]. Subsequently, the carriers recombine nonradiative at the high
concentration of non-radiative recombination points caused by the low-temperature growth by
MBE which increases the density of phonons due to the carrier-phonon interactions [86]. The
initial carrier energy is thus transferred to the lattice, resulting into a local increase of the tem-
perature within a few picoseconds [87,88]. The accumulated heat than diffuses from the illumi-
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nated area towards the equilibrium conditions on the time scale of hundreds of picoseconds [89].
The temperature raise time can be obtained directly from differential reflectivity measurements
∆R/R that provide information about the photo-injected carrier concentration and life-time, see
Fig. 1.20(a) [90]. The schematic picture of the temperature increase δT is depicted in Fig.
1.20(b).

Figure 1.20: a) Dynamics of the pump pulse-induced change of the sample reflectivity measured for a ferromag-
netic Ga1−xMnxAs sample with 3% Mn doping and the pump intensity I = 42µJcm−2. The reflectivity dynamics
provide the information about the laser-induced carrier concentration, amplitude of the ∆R/R and lifetime, de-
fined as a time where the reflectivity amplitude decreases to 1/e. b) Schematic illustration of the laser-induced
change of the electron concentration δne and the subsequent temperature increase δT from the equilibrium tem-
perature after impact of the femtosecond laser pulse. The dynamics of δne is obtained from the measured transient
reflectivity data shown in a) where the corresponding lifetime is ∼ 20 ps. [90]

1.4.1 Non-thermal origin

The non-thermal processes that lead to magnetization precession are caused by the photo-
induced carriers and can be divided, regarding the polarization of the excitation light, into two
groups. The polarization independent and the polarization dependent ones. In the later ones,
the circularly polarized light generates carriers with the defined spin orientation [91] and the sub-
sequent magnetization precession is caused by a transfer of the spin angular momentum from
the photo-carriers to the magnetization. This effect, known as the optical spin transfer torque
(OSST), was theoretically predicted several years ago [92], but it was experimentally observed
recently by Nemec et al. [93]. On the other hand, the polarization independent processes can
be observed for any polarization of light4. In this case, the magnetization precession occurs
as a result of the carrier spin polarization caused by the relativistic spin-orbit coupling (SOC)
among the photo-induced carriers in the spin-split energy band. The effect is called the optical
spin-orbit torque (OSOT) and was for the first time ever observed by Tesarova et al. [89]. Both of
these non-thermal processes are described in more detail in the following sections.

4Also for the linearly polarized light
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Optical spin-orbit torque

The current induced spin-orbit torques (SOT), that were recently observed in Ga1−xMnxAs,
opened a new possibilities for further technological development, such as the extension of
the operational capabilities in the electronic devices, or the unprecedented characterizing tech-
niques in material research [94,95]. The OSOT is its optical analogue and it enables studying the
magnetization-related phenomena on the time scales which are orders of magnitudes shorter
than in the current induced SOT. This effect is based on the easy axis reorientation due to the
optically induced change of the carrier concentration, holes in particular, since the electrons
are weakly spin-orbit coupled [89]. However, the reorientation of the easy axis and the subse-
quent initial tilt of magnetization can be in the opposite direction than in the case of the thermal
mechanism, where the easy axis rotates towards the [010] and the magnetization tilts towards
[001] crystallographic directions, respectively. Distinction between magnetization dynamics,
which can be determined from the analysis of magnetization real-space trajectory, represents a
straightforward method how to distinguish between the thermal and the non-thermal origin of
magnetization precession. Such a simplified picture of the non thermally induced oscillations
of magnetization are in agreement with theoretical calculations, based on k p kinetic exchange
Hamiltonian of the hole-concentration dependent easy axis position [96], but the detailed under-
standing of this effect requires more rigorous explanation, based on the SOC in the valance
band.

Figure 1.21: Splitting of the valance band into four bands - the spin-split heavy (HH) and light (LH) holes bands,
for ferromagnetic Ga1−xMnxAs. [97]

Figure 1.21 shows the a ferromagnetic Ga1−xMnxAs valance band, where the magnetization
leads to the anisotropic splitting of the valance band into four bands - the spin-split heavy (HH)
and light (LH) holes bands, respectively [97]. The SOC causes the change of the expected spin
orientation along the top of the Fermi surface, which is essential for the occurrence of the mag-
netization torque and can be described as following. The impact of the linearly polarized laser
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light induces a non-equilibrium hole population. Since the angular momentum of light is zero,
there is no momentum that could be transferred into the system, so the excited holes are not
spin polarized. However, the subsequent relaxation towards the spin-split Fermi sea of the
equilibrium holes produces a non-equilibrium spin polarization, which is misaligned with the
magnetization orientation. This photo-hole polarization can be perceived as an effective mag-
netic field that exerts a torque on the magnetization via the kinetic exchange coupling and leads
to magnetization precession. It is important to note that in the case of no SOC, the only po-
larization that the holes could acquire would be parallel with magnetization orientation, which
would exclude the existence of the torque. Despite the relatively simple physical origin of the
OSOT, its quantitative description, involving the estimate of the hole polarization, is a rather
challenging problem.

Optical spin-transfer torque

The optical spin-transfer torque (OSTT) represents another non-thermal effect responsible for
the magnetization dynamics after the impact of the laser light. Similarly to the OSOT, the
magnetization oscillations are caused by the spin-momentum transfer from the carriers to the
magnetization via the exchange coupling. The main difference between these two effects is
that in the case of OSTT, the carriers acquire their spin polarization directly from the circularly
polarized light and thus no SOC is needed for observing this effect. [93]

The circularly polarized light generates the spin-polarized carriers, δne = δnh < nh0, where
the carrier spin orientation σ is parallel with the direction of the incident light and perpendicular
to magnetization orientation in the case of typical, compressively strained Ga1−xMnxAs samples
with the in-plane equilibrium position of M, see Fig. 1.22. The appearance of the OSTT is
conditioned by the relatively long spin lifetime of the photo-injected carriers [93] and only the
photo-electrons spin lifetime of ∼ 10 ps, which is given mainly by the interaction with Mn
moments and by the electron recombination time, is sufficient to exert a torque on magnetization.
The spin lifetime of holes is dominated by the strong SOC and it is estimated to be ∼ 1− 10
fs [92] which is not enough to cause the OSTT [93], so holes will be omitted in further discussion.
Right after the impact of the circularly polarized light, the orientation of the generated spins
σ is given by the propagation direction and by helicity of the circular polarization. However,
the exchange field produced by the Mn moment yields the electron spins precession around the
magnetization vector M, with the precessing period ∼ 100 fs [92]. As the electron spin lifetime
highly exceeds this precession period, the spins precess many times before they relax. In this
steady-state regime, the spin σ0 is oriented in the plane of the sample, but perpendicular to
M, and exerts a torque on the magnetization vector, which leads to the subsequent precession
of magnetization. It is important to note, that the OSTT starts to act during the laser pulse
impact when the electrons with a concentration δne are photo injected and fades away within
the electron spin lifetime ∼ ps. However, the magnetization precession persists up to several
nanoseconds. The influence of OSTT is, therefore, most clearly observable in the initial phase
of the detected magneto-optical signal [93].
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Figure 1.22: Schematic illustration of the optical spin transfer torque. The circularly polarized light generates
the carrier spin polarization, where the initial orientation of spins n is parallel with the incident light direction
and perpendicular to magnetization M. The steady-state component of the injected spin density s0 is oriented in
the sample plane, perpendicular to M, and exerts a torque on the magnetization vector M. [93]
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2Theoretical Background

2.1 Junction Hamilitonian

In the following section, will the model Hamiltonian be introduced to describe the interaction
between a SC-FM-SC junction and an optical field. For further evaluation is the Heisenberg
equation of motion been constructed for the system in terms of creation and destruction opera-
tors. The SC coupling to a optical field is transformed using the rotating wave approximation to
eliminate the time dependency.

Consider the model Hamiltonian for an one-dimensional junction made of a thin single-domain
ferromagnetic (FM) layer sandwiched between two identical direct-gap semiconductors (SC),
as shown in 2.1. The FM layer, located at x = 0, disconnects the two SC sides, we consider the
electronic transport through the one-dimensional junction. The material parameters determining
the performance of this device include the gap of the semiconductor, the exchange split energy
Eex of the FM material, and the band mismatch E0 between the SC material and FM material. As
mentioned in chapter 1, a candidate system for the FM layer is a dilute magnetic semiconductor.
When the electrons at the Fermi surface in the SC region is driven by electric field and move
into the FM region, they will feel a potential barrier ∆σ dependent on their spin states, and get
scattered.

Figure 2.1: Energy landscape of the semiconductor-nanomagnet-semiconductor junction.

In many-particle physics, we usefully express the Hamiltonian in terms of an electronic field
operator Ψσ(x, t), where σ =↑,↓ is the electron spin. The field operator can be expanded in any
convenient basis of single-particle states characterized by creation and annihilation operators of
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2.1 Junction Hamilitonian

electrons in the single-particle state. The Hamiltonian is expressed in the Heisenberg picture,
i.e., the wavefunctions are independent of time, whereas the time dependence is carried by the
operators. We describe the essential transport process in the ferromagnetic sandwiched structure
by the following model Hamiltonian

HSC−FM−SC = ∑
σ

∫
d3xΨ̂

†
c,σ(x)H

kin
c Ψ̂c,σ(x, t)+ Ψ̂

†
v,σ(x)H

kin
v Ψ̂v,σ(x)+ Ψ̂

†
c,σ(x)H

FM
σ Ψ̂c,σ(x, t)+ Ψ̂

†
v,σ(x)H

FM
σ Ψ̂v,σ(x, t)

+ Ψ̂
†
c,σ(x)H

opt
cv Ψ̂v,σ(x)+ Ψ̂

†
v,σ(x)H

opt
vc Ψ̂c,σ(x) (2.1)

The Hamiltonian consists of following terms; first is the kinetic energy term Hkin
b where isotropic

nondegenerate parabolic conduction and valence bands are assumed for electrons in the direct-
gap semiconductor. The electron energies are evaluated in the effective-mass approximation and
are, respectively,

Hkin
c =− h̄2

2m
∂2

∂x2 +
G
2

(2.2)

Hkin
v =

h̄2

2m
∂2

∂x2 −
G
2

(2.3)

where G is the gap of the intrinsic semiconductor, m are the particle effective mass.
Second term describes the interaction between the conducting electron and localized d electrons
within the ferromagnet

HFM
σ = δ(x)(λ0±λzσz) (2.4)

where the parameters λ0 and λ are determined from the device parameters E0, Eex, nd , J as

λ0 =
E0nd

Jh̄
(2.5)

λ =
Eexd
Jh̄2 (2.6)

where E0 are the band mismatch between the FM and SC material, Eex is the exchange split
energy of FM material, nd is the number of d electrons and J is the number of spin polarized
electrons.
Third term describes the interaction Hamiltonian between a coherent monochromatic classical
field and the semiconductor electrons within the two bands expressed using second quantization
where the electric field E(r, t) is assumed to have a simple exponential space dependency
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2.1 Junction Hamilitonian

HI,b = ∑
b 6=b′

∫
d3rψ̂

†
b,σ(r, t)(−er) ·E(r, t)ψ̂b′,σ(r, t) (2.7)

E(r, t) = E(t)
1
2
(
eiq·r + e−iq·r)≈ E(t)Neglection of space dependency

= ∑
b 6=b′

∫
d3rψ̂

†
b,σ(r, t)(−er)E(t)ψ̂b′,σ(r, t)

= ∑
b 6=b′

∫
d3rψ̂

†
b,σ(r, t)(−er)E(t)ψ̂b′,σ(r, t)

'− ∑
b 6=b′

δk,k′db,b′

HI,b =− ∑
b 6=b′

db,b′E(t) (2.8)

where the dipole approximation q→ 0 and the definition of db,b′ as the projection of the dipole
in the direction of the field. The interaction Hamiltonian, shows how the applied field causes
transitions of electrons between the two bands. We have further restrict the treatment to the
optical transitions between the valence and conduction bands of the semiconductor (two-band
approximation) and suppressing of the spin-flip process.

Hopt
cv = d∗cvE(t) (2.9)

Hopt
vc = dcvE∗(t) (2.10)

Here, d is the operator for the electric dipole moment and it’s assumed that the homogeneous
electromagnetic field is polarized in x-direction.

2.1.1 Heisenberg equation of motion

By using the Heisenberg transformation the spin-dependent Hamiltonian HSC−FM−SC 2.11 is
transformed into the Heisenberg picture, eq. 2.13 and 2.14,

HSC−FM−SC = ∑
σ

∫
d3xΨ̂

†
c,σ(x)

(
− h̄2

2m
∂2

∂x2 +
G
2
+δ(x)λ0 +δ(x)λzσz

)
Ψ̂c,σ(x)

+ Ψ̂
†
v,σ(x)

(
h̄2

2m
∂2

∂x2 −
G
2
+δ(x)λ0 +δ(x)λzσz

)
Ψ̂v,σ(x)

+ Ψ̂
†
c,σ(x)d

∗
cvE(t)Ψ̂v,σ(x)

+ Ψ̂
†
v,σ(x)dcvE∗(t)Ψ̂c,σ(x) (2.11)

in terms of the creation Ψ̂
†
b,σ and destruction Ψ̂b,σ operators for an electron at point x in the

conduction- or valences band with spin σ. These fermion operators obey the anti-commutation
relations

{Ψ̂b,σ(x),Ψ̂
†
b′,σ′ (x

′)}= δb,b′δσ,σ′δ(x− x′) {Ψ̂b,σ(x),Ψ̂b′,σ′ (x
′)}= 0 {Ψ̂†

b,σ(x),Ψ̂
†
b′,σ′ (x

′)}= 0 (2.12)

Let us first derive the Heisenberg equation of motion for the SC-FM-SC junction,
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∂

∂t
Ψ̂v,σ(r, t) =

i
h̄

[
H,Ψ̂v,σ(r, t)

]
⇔−ih̄

∂

∂t
Ψ̂v,σ(r, t) =

[
H,Ψ̂v,σ(r, t)

]
(2.13)

∂

∂t
Ψ̂c,σ(r, t) =

i
h̄

[
H,Ψ̂c,σ(r, t)

]
⇔−ih̄

∂

∂t
Ψ̂c,σ(r, t) =

[
H,Ψ̂c,σ(r, t)

]
(2.14)

The conversion to the Heisenberg equation have two immediate consequences of great impor-
tance. First, observables that commute with the Hamiltonian are constants of motion. Second,
any constant of motion can be diagonalized simultaneously with the Hamiltonian they are si-
multaneous eigenstates. The Hamiltonian and a set of constants of motion can be diagonalized
simultaneously provided that all these constants of motion commute with each other.

Heisenberg equation of motion for the SC-FM-SC junction where the spin σ represent both
spin-up and spin-down

ih̄
∂

∂t
Ψ̂c,↑(x) =

(
− h̄2

2m
∂2

∂x2 +
G
2
+δ(x)(λ0 +λz)

)
Ψ̂c,↑(x)+d∗cvE(t)ψ̂v,↑(x) (2.15)

ih̄
∂

∂t
Ψ̂c,↓(x) =

(
− h̄2

2m
∂2

∂x2 +
G
2
+δ(x)(λ0−λz)

)
Ψ̂c,↓(x)+d∗cvE(t)Ψ̂v,↓(x) (2.16)

ih̄
∂

∂t
Ψ̂v,↑(x) =

(
h̄2

2m
∂2

∂x2 −
G
2
+δ(x)(λ0 +λz)

)
Ψ̂v,↑(x)+dcvE∗(t)Ψ̂c,↑(x) (2.17)

ih̄
∂

∂t
Ψ̂v,↓(x) =

(
h̄2

2m
∂2

∂x2 −
G
2
+δ(x)(λ0−λz)

)
Ψ̂v,↓(x)+dcvE∗(t)Ψ̂c,↓(x) (2.18)

Matrix represents of the four Heisenberg equation of motion 2.15-2.18, demonstrates that the
matrix will control the dynamic behaviour of the system.


(
− h̄2

2m
∂2

∂x2 + G
2 +δ(x)(λ0 +λz)

)
0 0 d∗cvE(t)

0
(
− h̄2

2m
∂2

∂x2 + G
2 +δ(x)(λ0−λz)

)
d∗cvE(t) 0

0 dcvE∗(t)
(

h̄2
2m

∂2

∂x2 −
G
2 +δ(x)(λ0 +λz)

)
0

dcvE∗(t) 0 0
(

h̄2
2m

∂2

∂x2 −
G
2 +δ(x)(λ0−λz)

)




ψ̂c,↑(x)

ψ̂c,↓(x)

ψ̂v,↑(x)

ψ̂v,↓(x)

= ih̄
∂

∂t


ψ̂c,↑(x)

ψ̂c,↓(x)

ψ̂v,↑(x)

ψ̂v,↓(x)



(2.19)

2.2 Gauge transformation of the Optical field

Let us define the quasiparticle amplitudes uσ(x) and vσ(x) as

uσ(x) = 〈Ψ0|Ψ̂c,σ(x)|Ψ1〉 (2.20)

vσ(x) = 〈Ψ0|Ψ̂v,σ(x)|Ψ1〉 (2.21)

where |Ψ0〉 and |Ψ1〉 are respectively the ground state of the system and the excited state with
one quasiparticle added to the system. The quantities uσ(x) and vσ(x) are the probability ampli-
tudes to find the quasiparticle (a free electron or hole) with spin σ at position x in the conduction
and valence band, respectively.

36 CHAPTER 2. THEORETICAL BACKGROUND



2.2 Gauge transformation of the Optical field

The equations of motion for electron like quasiparticles are

ih̄
∂

∂t
u↑(x) =

(
− h̄2

2m
∂2

∂x2 +
G
2
+δ(x)(λ0 +λz)

)
u↑(x)+d∗cvE(t)v↑(x) (2.22)

ih̄
∂

∂t
u↓(x) =

(
− h̄2

2m
∂2

∂x2 +
G
2
+δ(x)(λ0−λz)

)
u↓(x)+d∗cvE(t)v↓(x) (2.23)

ih̄
∂

∂t
v↑(x) =

(
h̄2

2m
∂2

∂x2 −
G
2
+δ(x)(λ0 +λz)

)
v↑(x)+dcvE∗(t)u↑(x) (2.24)

ih̄
∂

∂t
v↓(x) =

(
h̄2

2m
∂2

∂x2 −
G
2
+δ(x)(λ0−λz)

)
v↓(x)+dcvE∗(t)u↓(x) (2.25)

dcv = d∗vc is the interband dipole matrix element and E∗(t)=E(t)=E(ω)exp(−iωt)+E∗(ω)exp(iωt)
is the real classic optical field.
The Rotating wave approximation is used to reduced the optical field and thereby remove the
time independences

ih̄
∂

∂t
u↑(x) =

(
− h̄2

2m
∂2

∂x2 +
G
2
+δ(x)(λ0 +λz)

)
u↑(x)+d∗cvE(ω)e−iωt v↑(x) (2.26)

ih̄
∂

∂t
u↓(x) =

(
− h̄2

2m
∂2

∂x2 +
G
2
+δ(x)(λ0−λz)

)
u↓(x)+d∗cvE(ω)e−iωt v↓(x) (2.27)

ih̄
∂

∂t
v↑(x) =

(
h̄2

2m
∂2

∂x2 −
G
2
+δ(x)(λ0 +λz)

)
v↑(x)+dcvE∗(ω)eiωt u↑(x) (2.28)

ih̄
∂

∂t
v↓(x) =

(
h̄2

2m
∂2

∂x2 −
G
2
+δ(x)(λ0−λz)

)
v↓(x)+dcvE∗(ω)eiωt u↓(x) (2.29)

Introduce the gauge transformation

u(x)→ u′(x) = u(x)ei ω
2 t (2.30)

v(x)→ v′(x) = v(x)e−i ω
2 t (2.31)

this transformation simply shifts the energies of the conduction and valence bands

ih̄
∂

∂t
u′↑(x) =

(
− h̄2

2m
∂2

∂x2 +
G
2
− h̄ω

2
+δ(x)(λ0 +λz)

)
u′↑(x)+d∗cvE(ω)v′↑(x) (2.32)

ih̄
∂

∂t
u′↓(x) =

(
− h̄2

2m
∂2

∂x2 +
G
2
− h̄ω

2
+δ(x)(λ0−λz)

)
u′↓(x)+d∗cvE(ω)v′↓(x) (2.33)

ih̄
∂

∂t
v′↑(x) =

(
h̄2

2m
∂2

∂x2 −
G
2
+

h̄ω

2
+δ(x)(λ0 +λz)

)
v′↑(x)+dcvE∗(ω)u′↑(x) (2.34)

ih̄
∂

∂t
v′↓(x) =

(
h̄2

2m
∂2

∂x2 −
G
2
+

h̄ω

2
+δ(x)(λ0−λz)

)
v′↓(x)+dcvE∗(ω)u′↓(x) (2.35)

which result in a chemical potential −h̄ω/2 for conduction electrons and h̄ω/2 for valence
holes.
By writing τ

2 = G
2 −

h̄ω

2 as a detuning parameter the equations of motion takes the following
form
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εu↑(x) =
(
− h̄2

2m
∂2

∂x2 +
τ

2
+δ(x)(λ0 +λz)

)
u↑(x)+d∗cvE(ω)v↑(x) (2.36)

εu↓(x) =
(
− h̄2

2m
∂2

∂x2 +
τ

2
+δ(x)(λ0−λz)

)
u↓(x)+d∗cvE(ω)v↓(x) (2.37)

εv↑(x) =
(

h̄2

2m
∂2

∂x2 −
τ

2
+δ(x)(λ0 +λz)

)
v↑(x)+dcvE∗(ω)u↑(x) (2.38)

εv↓(x) =
(

h̄2

2m
∂2

∂x2 −
τ

2
+δ(x)(λ0−λz)

)
v↓(x)+dcvE∗(ω)u↓(x) (2.39)

The conduction and valence band amplitudes are shifted by the frequency ω of the interband
transition back and forth between the two bands induced by the laser. For positive detuning
τ = G− h̄ω > 0, electron - hole pairs are virtual.

2.3 Solution Bulk Problem

In this section, will I describe the calculation of the bulk solution for a semiconductor for thereby
to determine the coherent factors

Determined now a solution for the four equation expressed in terms of quasiparticles amplitudes
uσ and vσ where it’s assumed that the x, y and z- component for the total angular momentum is
zero the magnetization is therefore also zero. Further it’s assumed that no spin-flip processes is
takes into account.

[
− h̄2

2m
∂2

∂x2 +
G
2 d∗c,vE(ω)

dc,vE∗(ω) h̄2

2m
∂2

∂x2 − G
2

](
uσ(x)

vσ(x)

)
= ε

(
uσ(x)

vσ(x)

)
(2.40)

The solution to the above equation of motion consist of four linear independent equations. Con-
sider now an ansatz solution of the following form

(
uσ(x)

vσ(x)

)
=

(
u0

v0

)
eikx (2.41)

Solve the equation of motion for the initial state within the bulk semiconductor, no contribution
from the delta potential originated from the nanomagnet δ(x)(λ0±λ) = 0.

Consider an electron with a fix energy larger than zero ε > 0 and solve eq. 2.40 to obtain a real
and an imaginary solution.
We start by evaluating the real solution corresponding to a travelling wave with are positive real
wave vector k. The calculation is simplified by expressing the kinetic energy for an electron
within the conduction band as εc =

h̄2k2

2m + G
2 and εv =

−h̄2k2

2m − G
2 for an electron within the

valences band. Thereby, can the quadratic equation, eq. 2.40 be solved with respect to the
eigenvalue for the equation of motion at the initial state ε
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(ε− εc)(ε− εv) = |dc,vE(ω)|2

ε =
1
2
(εc + εv)±

1
2

√
(εc− εv)2 +4|dc,vE(ω)|2 (2.42)

the equation is further simplified by evaluating the kinetic energy to εc− εv =
h̄2k2

m , εc + εv = 0

ε
2 =

(
h̄2k2

2m
+

G
2

)2

+ |dc,vE(ω)|2 (2.43)

k± =±
√

2m
h̄2

√
−G

2
+
√

ε2−|dc,vE(ω)|2 (2.44)

If the wave vector k characterises a travelling wave, it most be real, therefore following con-
strained on the energy must exist ε2 ≥ |dc,vE(ω)|2 + G2

4 . In contrast, the case with energies
ε2 ≤ |dc,vE(ω)|2 + G2

4 will the solutions acquire an imaginary part and a real part of the order

±
√

mG
h̄2 ,

ε
2 =

(
h̄2q2

2m
− G

2

)2

+ |dc,vE(ω)|2 (2.45)

q± =±
√

2m
h̄2

√
G
2
+
√

ε2−|dc,vE(ω)|2 (2.46)

q± describe a standing exponential decreasing wave.
The optical field in equation 2.40 enters with either a plus or minus sign, but the sign of the
optical field is insignificant because the optical field only enters as the absolute square.
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Figure 2.2: Energies and wave vectors are connected through the dispersion relation, which shows a parabolic
relation, similar to the free electron case. Conduction and valences band are plotted for energies larger than
ε2 ≥ G2/4+ |dc,vE(ω)|2.

From equation 2.44 and 2.46 can it be observed that the semiconductor gap opens when an
optical field are applied.
The coherent factors u0 and v0 describe the possibility for quasi-particle like excitation with
energy ε and momentum k in the conduction or valence band. The coherent factors have further
to obtained the normalization condition to insure that the quasi-particle will be located at a point
|u0|2 + |v0|2 = 1
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(
h̄2k2

2m
+

G
2

)
u0 +d∗c,vE(ω)v0 = εu0

(
h̄2k2

2m
+

G
2

)2

= ε−|dc,vE(ω)|2(
−h̄2k2

2m
− G

2

)
v0 +dc,vE∗(ω)u0 = εv0

(
−h̄2k2

2m
− G

2

)2

= ε−|dc,vE(ω)|2

u0 =

√√√√1
2

(
1+

√
ε2−|dc,vE(ω)|2

ε2

)
=

√
dc,vE(ω)

2ε
e

1
2 cosh−1

(
ε

dc,vE(ω)

)
(2.47)

v0 =

√√√√1
2

(
1−
√

ε2−|dc,vE(ω)|2
ε2

)
=

√
dc,vE(ω)

2ε
e
− 1

2 cosh−1
(

ε

dc,vE(ω)

)
(2.48)

For energies lower than ε2 < |dc,vE(ω)|2 + G2

4 the coherent factors u0 and v0 correspond to a
hole-like excitation with the same energy ε but with an imaginary momentum q

(
− h̄2q2

2m
+

G
2

)
u0 +d∗c,vE(ω)v0 = εu0

(
−h̄2q2

2m
+

G
2

)2

= ε−|dc,vE(ω)|2(
h̄2q2

2m
− G

2

)
v0 +dc,vE(ω)u0 = εv0

(
h̄2q2

2m
− G

2

)2

= ε−|dc,vE(ω)|2

u0 =

√√√√1
2

(
1− i

√
|dc,vE(ω)|2− ε2

ε2

)
=

√
dc,vE(ω)

2ε
e

i
2 cos−1

(
ε

dc,vE(ω)

)
(2.49)

v0 =

√√√√1
2

(
1+ i

√
|dc,vE(ω)|2− ε2

ε2

)
=

√
dc,vE(ω)

2ε
e
− i

2 cos−1
(

ε

dc,vE(ω)

)
(2.50)

2.4 Solution of the Scattering Problem

In this section, will I describe the calculation of the spin depended reflection and transmission
coefficients for a semiconductor ferromagnet junction. I will start by considering the quasi-
particle wavefunction on both side of the ferromagnet and thereby use the appropriated bound-
ary condition to obtain a set of linearly independent equations. Those equation can thereby be
used to obtaining the eight reflection and transmission coefficients.

2.4.1 Basic Considerations

When a thin magnetic material is placed between two identical direct-gap semi-infinite semi-
conductor, and a spin polarized current flows through the junction under the influence of an
intense monocromatic laser beam. Will the properties of both materials change dramatically.
Here we focus on how scattering states in the semiconductor are affected by the laser beam.
Consider a flow of electrons approaching from right SC1, cf. Fig. 2.3 when the electrons inter-
acts with the interface, it is subjected with various probabilities to four distinct processes: either
by been reflected back into the SC1 region, left moving quasiparticles, or transmitted into the
SC2 region, right moving particles. Additional to the plane wave solutions, can also exist two
evanescent waves characterized by an imaginary wave vector, both types of solutions are fully
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accepted solution for the system.

Figure 2.3: Scattering of quasiparticles for a spin depended junction located at x = 0 with barrier strength
defined by Zσ along z. The transport and scattering properties is obtained by consider a flow of spin polarized
quasiparticles through the barrier, the electrons is originate from an exciton condensate.

The complete solution to the spin-dependent two-band system consist of two travelling plan
waves within the conduction band ±k and two standing evanescent waves meanly within the
valence band ±q.
The incoming quaisparticle Ψin(x) is a plane wave moving from left to right with spin polarized
along the direction Pin ≡ (sinϑcosϕ,sinϑsinϕ,cosϑ):

Ψin(x) =



cos(ϑ/2)e−iϕ/2u0

cos(ϑ/2)e−iϕ/2v0

sin(ϑ/2)eiϕ/2u0

sin(ϑ/2)eiϕ/2v0


eikx x < 0. (2.51)

A distinctive feature of the two-band model, in contrast with the one-band picture, is that the
evanescent wave localized at the interface adds to usual travelling waves to make the elastic-
scattering basis complete. In the expression of both reflected,

Ψrefl(x) =



cos(ϑ/2)e−iϕ/2a↑v∗0

cos(ϑ/2)e−iϕ/2a↑u∗0

sin(ϑ/2)eiϕ/2a↓v∗0

sin(ϑ/2)eiϕ/2a↓u∗0


eqx +



cos(ϑ/2)e−iϕ/2r↑u0

cos(ϑ/2)e−iϕ/2r↑v0

sin(ϑ/2)eiϕ/2r↓u0

sin(ϑ/2)eiϕ/2r↓v0


e−ikx x < 0, (2.52)
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and transmitted waves,

Ψtrans(x) =



cos(ϑ/2)e−iϕ/2t↑u0

cos(ϑ/2)e−iϕ/2t↑v0

sin(ϑ/2)eiϕ/2t↓u0

sin(ϑ/2)eiϕ/2t↓v0


eikx +



cos(ϑ/2)e−iϕ/2d↑v∗0

cos(ϑ/2)e−iϕ/2d↑u∗0

sin(ϑ/2)eiϕ/2d↓v∗0

sin(ϑ/2)eiϕ/2d↓u∗0


e−qx x > 0, (2.53)

where the superposition coefficient aσ is an evanescent reflection coefficients, an electron with
energy above the gap reflected as an electron below the energy gap, characterized by a shifting
from a real to an imaginary wave vector k→ q for both spins, rσ ordinary reflection coefficients
e→ e where the wave vector remain the same, but with opposite direction k→−k, tσ normal
transmission through the interface k→ k and dσ is the transmitted evanescent wave characterized
by a shifting of the wave vector k→−q

2.4.2 Boundary Conditions

Use the appropriate boundary conditions, for the quasiparticles travelling from the semiconduc-
tor through the ferromagnet (delta potential).
First requirement, is continuity of the wave function across the boundary located at x = 0, cf.
Fig. 2.3 which is reasonable if |Ψ(x)|2 is the probability density. Secondly, continuity of the
wave function and the potential directly implies continuity of the first derivation of Ψ(x). How-
ever the use of a discontinuous potential (Delta function) results in demise of this assumption.
Therefore, a determination of the discontinuity in the first derivation given a discontinuous po-
tential is required.

This discontinuity is determined by integrating over the discontinuity, assuming a potential
that are discontinuous at the point x = 0, integrate then the ansatz solution over the interval from
x0−δ to x0+δ (

−h̄2

2m
∂2

∂x2 +
G
2
+δ(x)(λ0 +λ)

)
u↑(x)+d∗c,vE(ω)v↑(x) = εu↑(x) (2.54)(

−h̄2

2m
∂2

∂x2 +
G
2
+δ(x)(λ0−λ)

)
u↓(x)+d∗c,vE(ω)(x)v↓ = εu↓(x) (2.55)(

h̄2

2m
∂2

∂x2 −
G
2
+δ(x)(λ0 +λ)

)
v↑(x)+dc,vE∗(ω)(x)u↑ = εv↑(x) (2.56)(

h̄2

2m
∂2

∂x2 −
G
2
+δ(x)(λ0−λ)

)
v↓(x)+dc,vE∗(ω)(x)u↓ = εv↓(x) (2.57)

To illustrate this way of calculation of the discontinuity we take starting point in the eigenvalue
problem for the quasiparticle scattering states for the SC-FM-SC junction

∫ x0+δ

x0−δ

(
−h̄2

2m
∂2

∂x2 +
G
2
+δ(x)(λ0 +λ)

)
u↑(x)+d∗c,vE(ω)v↑(x)dx =

∫ x0+δ

x0−δ

εu↑(x)dx

−h̄2

2m

∫ x0+δ

x0−δ

∂2

∂x2 u↑(x)dx+
G
2

∫ x0+δ

x0−δ

u↑(x)dx+
∫ x0+δ

x0−δ

δ(x)(λ0 +λ)u↑(x)dx+d∗c,vE(ω)
∫ x0+δ

x0−δ

v↑(x)dx =
∫ x0+δ

x0−δ

εu↑(x)dx (2.58)
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The idea now is to shrink the interval down until it encloses just x0, by letting δ→ 0. Assuming
that uσ and vσ itself is continuous results in that the integral on the right side and the second and
fourth integral on the left side go towards zero as δ→ 0

−h̄2

2m

∫ x0+δ

x0−δ

∂2

∂x2 u↑(x)dx+
∫ x0+δ

x0−δ

δ(x)(λ0 +λ)u↑(x)dx = 0

−h̄2

2m
∂u↑(x)

∂x

∣∣∣∣x0+δ

x0−δ

=−δ(x)(λ0 +λ)u↑(x0) (2.59)

For the delta function, the equation governing the derivative discontinuity is eq. 2.59

∂u↑(x)
∂x

∣∣∣∣x0+δ

x0−δ

=
2m
h̄2 (λ0 +λ)u↑(x0)⇒

[
∂u↑(x+)

∂x

∣∣∣∣
x=x0

−
∂u↑(x−)

∂x

∣∣∣∣
x=x0

]
=

2m
h̄2 (λ0 +λ)u↑(x0) (2.60)

∂v↑(x)
∂x

∣∣∣∣x0+δ

x0−δ

=−2m
h̄2 (λ0 +λ)v↑(x0)⇒

[
∂v↑(x+)

∂x

∣∣∣∣
x=x0

−
∂v↑(x−)

∂x

∣∣∣∣
x=x0

]
=−2m

h̄2 (λ0 +λ)v↑(x0) (2.61)

∂u↓(x)
∂x

∣∣∣∣x0+δ

x0−δ

=
2m
h̄2 (λ0−λ)u↓(x0)⇒

[
∂u↓(x+)

∂x

∣∣∣∣
x=x0

−
∂u↓(x−)

∂x

∣∣∣∣
x=x0

]
=

2m
h̄2 (λ0−λ)u↓(x0) (2.62)

∂v↓(x)
∂x

∣∣∣∣x0+δ

x0−δ

=−2m
h̄2 (λ0−λ)v↓(x0)⇒

[
∂v↓(x+)

∂x

∣∣∣∣
x=x0

−
∂v↓(x−)

∂x

∣∣∣∣
x=x0

]
=−2m

h̄2 (λ0−λ)v↓(x0) (2.63)

Summing-up this boundary conditions section for the wave function which should require fol-
lowing, continuous at the origin,

Ψin(x0)+Ψre f l(x0) = Ψtrans(x0) (2.64)

as well as satisfy the contact condition for the FM layer exchange force,

∂uσ(x0+)

∂x
− ∂uσ(x0−)

∂x
= Zσuσ(x0), (2.65)

∂vσ(x0+)

∂x
− ∂vσ(x0−)

∂x
=−Zσvσ(x0), (2.66)

where the position

Zσ =
2m
h̄2 (λ0 +σλz) . (2.67)

2.4.3 Calculation: Transmission and Reflection Coefficients

We use the above boundary conditions for the quasiparticle wave functions describing the left
3.9, 3.15 and right side 3.16 of the semiconductor junction. The calculation of the reflection
and transmission coefficients is simplified by assuming that the relative mass for particles in the
conduction and valences band are equal
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1) Continuity

Ψin(x0)+Ψre f l(x0) = Ψtrans(x0)

u↑(x0+) = u↑(x0−)

cos(θ/2)e−iϕ/2u0eikx0 + cos(θ/2)e−iϕ/2a↑v∗0eqx0 + cos(θ/2)e−iϕ/2r↑u0e−ikx0 = cos(θ/2)e−iϕ/2t↑u0eikx0 + cos(θ/2)e−iϕ/2d↑v∗0e−qx0

Let x0→ 0

u0 +a↑v∗0 + r↑u0 = t↑u0 +d↑v∗0 (2.68)

u0 +a↓v∗0 + r↓u0 = t↓u0 +d↓v∗0 (2.69)

v0 +a↓u∗0 + r↓v0 = t↓v0 +d↓u∗0 (2.70)

v0 +a↑u∗0 + r↑v0 = t↑v0 +d↑u∗0 (2.71)

2) Amplitude of the Discontinuity

Calculation of the discontinuity amplitude using eq. 2.60 to 2.63.
[

∂u↑(x+)

∂x

∣∣∣∣
x=x0

−
∂u↑(x−)

∂x

∣∣∣∣
x=x0

]
=

2m
h̄2 (λ0 +λ)u↑(x0)

u↑(x0) = u0 +a↑v∗0 + r↑u0

∂u↑(x−)
∂x

= ik cos(θ/2)e−iϕ/2u0eikx0 +qcos(θ/2)e−iϕ/2a↑v∗0eqx0 − ik cos(θ/2)e−iϕ/2r↑u0e−ikx0

∂u↑(x+)

∂x
= ik cos(θ/2)e−iϕ/2t↑u0eikx0 −qcos(θ/2)e−iϕ/2d↑u0e−qx0

(2.72)

Let x0→ 0

[
(ikt↑u0−qd↑v∗0)− (iku0 +qa↑v∗0− ikr↑u0)

]
= Z↑(u0 +a↑v∗0 + r↑u0) (2.73)[

(ikt↓u0−qd↓v∗0)− (iku0 +qa↓v∗0− ikr↓u0)
]
= Z↓(u0 +a↓v∗0 + r↓u0) (2.74)[

(ikt↓v0−qd↓u∗0)− (ikv0 +qa↓u∗0− ikr↓v0)
]
=−Z↓(v0 +a↓u∗0 + r↓v0) (2.75)[

(ikt↑v0−qd↑u∗0)− (ikv0 +qa↑u∗0− ikr↑v0)
]
=−Z↑(v0 +a↑u∗0 + r↑v0) (2.76)

2.4.4 Transmission and Reflection

By collecting the four linear equation for spin up and down the determination of four spin de-
pended reflection and transmission coefficients can be carried out.

Spin Up: Use equation 2.68, 2.71, 2.73 and 2.76 to calculate the reflection coefficients a↑, r↑
and transmission coefficients t↑, d↑
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(2.77)

a↑ =
4ikZ↑u0v0

Z↑
[
Z↑(|u0|2−|v0|2)−2q

]
+2ik

[
−Z↑+2q(|u0|2−|v0|2)

] (2.78)

r↑ =
Z↑
[
2q−Z↑(|u|2−|v|2)

]
Z↑
[
Z↑(|u0|2−|v0|2)−2q

]
+2ik

[
−Z↑+2q(|u0|2−|v0|2)

] (2.79)

t↑ = 1+ r↑ (2.80)

d↑ = a↑ (2.81)

Spin Down: Equation 2.69, 2.70, 2.74 and 2.75 is used to calculate the reflection coefficients
for spin down a↓, r↓ and the transmission coefficients t↓, d↓

a↓ =
4ikZ↓u0v0

Z↓
[
Z↓(|u0|2−|v0|2)−2q

]
+2ik

[
−Z↓+2q(|u0|2−|v0|2)

] (2.82)

r↓ =
Z↓
[
2q−Z↓(|u|2−|v|2)

]
Z↓
[
Z↓(|u0|2−|v0|2)−2q

]
+2ik

[
−Z↓+2q(|u0|2−|v0|2)

] (2.83)

t↓ = 1+ r↓ (2.84)

d↓ = a↓ (2.85)

Only travelling waves contribute to the probability current, so the transmission and reflection
coefficients should obey following condition for the conservation of probability,

|rσ|2 + |tσ|2 = 1 (2.86)

In general |aσ|2, |rσ|2, |tσ|2 and |dσ|2 depend on the angle of incidence of the trajectory and on
the detailed shape of the scattering potential. For simplicity, we have restricted ourselves to a
one-dimensional geometry.

Plot of the square modulus of the reflections and transmission coefficients where it’s assumed
that the optical field is a coherent monochromatic plan-wave with constant sub-band gap fre-
quency. The laser photon energy to exactly match the bare gap, G0 = ω, hence kF = qF . For
weak Rabi coupling ( |dcvE(ω)|/εF = 0.1, (—) in fig. 2.4 ), as the laser intensity increases (
|dcvE(ω)|/εF = 0.5, (—) in fig. 2.4 ).
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(a) Normal Reflection |bs|2 and Transmission |cs|2
for |dcvE(ω)|/εF = [0,0.1,0.3,0.5] eV.
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Figure 2.4
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Figure 2.5: Plots of the evanescent area for are various of different dimensionless interface potential strength
0≤ Zσ ≤ 100 and optical fields |dcvE(ω)|/εF = [0,0.1,0.3,0.5] eV. From the plots can it been observed that the
maximum evanescent amplitude is observed for are barrier strength equal to Zσ = 5.22 for |dcvE(ω)|/εF = 0.1
eV (—), Zσ = 6.11 for |dcvE(ω)|/εF = 0.3 eV (—), Zσ = 6.99 for |dcvE(ω)|/εF = 0.4 eV (—) and Zs = 7.80 for
|dcvE(ω)|/εF = 0.5 eV (—)

The plots of the evanescent area for different optical amplitudes, fig. 2.5 shows are increase of
the evanescent area for enhancements of the optical field from |dcvE(ω)|/εF = [0,0.1,0.3,0.5]
eV. Furthermore, is it observed that the evanescent area increase to are maximum for barrier
strengths between 5− 8 for the different optical fields whereas are decrease of the area for
larger barrier strength is observed.

This is in agreement with fig. 2.4 which show are decrease of the transmission amplitude
and thereby are increase of the reflection amplitude. These effects is observed for are increase
in the optical field. The changes in reflection and transmission amplitudes is due to the increase
in the band gap of the semiconductor when the optical field is applied.
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2.5 Conclusion

Since the FM scattering potential has zero range the scattering phase shift for the odd-parity
wave is exactly zero, so we are left with the phase shift δσ for the even-parity channel. As
shown e.g. in Chap. 8 of Ref. [98], one has rσ + tσ = exp(2iδσ), which provides, after some
manipulations:

1+ itan(δ)
1− itan(δ)

=
Zσ

[
2q−Zσ(|u0|2−|v0|2)

]
Zσ [Zσ(|u0|2−|v0|2)−2q]+2ik [−Zσ +2q(|u0|2−|v0|2)]

+
4ikq(|u0|2−|v0|2)−2ikZσ

Zσ [Zσ(|u0|2−|v0|2)−2q]+2ik [−Zσ +2q(|u0|2−|v0|2)]

tan(δσ) =
−Zσ

[
2q−Zσ(|u0|2−|v0|2)

]
2k [−Zσ +2q(|u0|2−|v0|2)]

(2.87)

In the limit of weak Rabi coupling, |u0|2− |v0|2 → 1, one recovers the expected single-band
result,

tan(δσ) =
−Zσ

2k
(2.88)

For a short-range potential the wave function does not change very much in the region of the
potential, and eq. 2.58 gives the change in the derivative of the wave function from one side of
the potential to the other. The right-hand side is just the product of the wave function and the
integral of the potential which is the phase shift experienced by a free electron when scattered
by a contact force of strength Zσ.

2.5 Conclusion

In this original Chapter background information on the theoretical treatment of the semiconductor-
ferromagnet-semiconductor junction has been given.
Different theoretical tools, including the effective-mass theory, the rotating-wave approxima-
tion, as well as the quantum theory of scattering, are combined together in order to describe the
transfer of angular momentum between polarized electron spin and nanomagnet.
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3Manipulating spin trans-

fer torque with light

The following paper by Karsten Leding Vendelbjerg and Massimo Rontani is in press the journal
Superlattices and Microstructures, DOI: 10.1016/j.spmi.2016.12.047

We study the spin transfer torque (STT) induced onto a nanomagnet as a spin-polarized current
flows through a junction made of the magnet sandwiched between two semiconductors. This
junction is one-dimensional and highly idealized, the thin magnetic layer being mimicked by a
spin-dependent contact force. We show that the STT may be externally controlled by shining
the junction at sub-bandgap frequency with an intense laser beam. The excitonic coherence
driven by the laser dresses the virtual electron-hole pairs coupling conduction and valence bands
and inducing evanescent waves at the junction interface. The Fano-like quantum interference
between these localized states and the continuum spectrum, being different in the two spin
channels, significantly affects the STT.

Spin transfer torque, Optical Stark effect, Fano resonance

3.1 Introduction

A long-term goal of spintronics is the integration between the well-established principles of
semiconductor electronics and the novel strategies to manipulate the spin degree of freedom [77].
A key concept is spin transfer torque (STT), which allows for switching the magnetization of an
active element by varying the current flowing through the device [99]. Semiconductor structures
provide us with light as an additional experimental handle, which may impact both current
and magnetization. Recently, the optical reversal of magnetization has received a great deal of
attention [100,101,102]. Here we follow a different path, exploring how light may coherently affect
the STT in the absence of power absorption.

We consider theoretically a one-dimensional junction made of a thin magnetic layer sandwiched
between two identical direct-gap semiconductors. This layer acts as a spin-dependent contact
force on electrons, as a n-type spin polarized current flows through the junction inducing a STT
on the magnetic layer. As we shine the junction with an intense monocromatic laser beam,
whose photon energy is smaller than the band gap, we drive a controlled excitonic coherence
into the system (optical Stark effect [103,104]). The Rabi energy couples conduction and valence
bands, inducing an evanescent wave at the junction interface. We find that the Fano-like inter-
ference between this localized wave and the continuum spectrum may significantly vary with
the spin projection of the scattering wave, which strongly affects the STT. This kind of coherent
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3.2 Semiconductor-nanomagnet-semiconductor junction

control of the STT has the advantage that the laser does not heat the system, as the optically-
excited electron-hole pairs are virtual [52,105].

The toy model we investigate here neglects many relevant features of actual devices, most no-
ticeably band asymmetry, spin-orbit coupling, structure of the semiconductor-magnet interface,
which will obviously affect our conclusions. Nevertheless, our aim here is to illustrate a novel
concept that is possibly relevant for the coherent control of STT, leaving a more realistic case
study to future research.

The structure of the paper is as follows. The Hamiltonian is defined in section 3.2 and the
associated scattering problem is solved in section 3.3. After the general theory of the STT is
presented in section 3.4, results for a single conduction channel are discussed in section 3.5.

3.2 Semiconductor-nanomagnet-semiconductor junction

We consider the electronic transport through a one-dimensional junction made of a thin single-
domain ferromagnetic (FM) layer—a nanomagnet—sandwiched between two identical direct-
gap semiconductors (SC), as shown in Fig. 3.1. The FM layer, located at x = 0, disconnects the
two SC sides, whose bulk Hamiltonians are 2 × 2 matrix operators

HSC =

−(h̄2/2m)∂2/∂x2 +G/2 d∗cv E(ω)

dcv E∗(ω) (h̄2/2m)∂2/∂x2−G/2

 , (3.1)

acting on the pseudospinor

Ψσ(x) =

[
uσ(x)
vσ(x)

]
. (3.2)

The components u and v are amplitudes for occupying conduction and valence bands, respec-
tively, whereas the additional label σ =±1 is the projection of spin along the z axis, which we
take to be antiparallel to the direction M of the FM magnetization (|M| = 1), i.e., parallel to
the nanomagnet angular momentum. The bands have like masses m, opposite curvatures, and
are coupled by a strong monocromatic laser beam of frequency ω and electric field amplitude
E(ω). The interband dipole matrix element dcv occurring in Eq. (3.1) is evaluated at the band
edge in the k ·p approximation, whereas G is the quasiparticle band gap renormalized by the
optical field. The gap G is obtained in the rotating wave approximation starting from the bare
direct gap G0 after performing a gauge transformation [106,103,104],

G = G0− h̄ω, (3.3)

where h̄ω is the laser photon energy, which may be tuned in the lab. Whereas the SC Hamilto-
nian ĤSC is diagonal in the electron spin space,

ĤSC = HSC⊗ Î, (3.4)
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3.3 Scattering matrix

the FM layer is a spin-active scattering interface,

ĤFM =

[
λ0δ(x) 0

0 λ0δ(x)

]
⊗ Î +

[
λzδ(x) 0

0 λzδ(x)

]
⊗ σ̂z. (3.5)

Here Î and σ̂z are respectively the identity matrix and the z-component Pauli matrix operating on
spin-1/2 spinors, λ0 is the non-magnetic interface potential strength, and 2 |λz| is the nanomagnet
exchange field. The total junction Hamiltonian is ĤSC + ĤFM.

Figure 3.1: Energy landscape of the semiconductor-nanomagnet-semiconductor junction.

We limit our study to the off-resonant case, G ≥ 0, i.e., only virtual electron-hole pairs are
generated by the laser. Besides, we assume the FM layer is transparent to radiation, hence the
laser does not heat the system. Furthermore we only consider n-doped systems, that is, in the
absence of the optical field at zero temperature the valence band is completely filled whereas
electron states in the conduction band are filled up to the (small) Fermi energy εF (εF is reckoned
from the bottom of conduction band, cf. Fig. 3.1). We neglect the renormalization of εF due to
coherent Rabi coupling. Also, we neglect effects due to electron-electron interactions but the
exchange field of the ferromagnetic layer.

3.3 Scattering matrix

The quasiparticle scattering states of the SC-FM-SC junction solve the eigenvalue problem(
ĤSC + ĤFM

)
Ψ(x) = εΨ(x). (3.6)
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3.3 Scattering matrix

Here the scattering state Ψ(x) is a column vector with four components in the spin / pseudospin
product space,

Ψ(x)≡

[
Ψ↑(x)
Ψ↓(x)

]
≡



u↑(x)

v↑(x)

u↓(x)

v↓(x)


. (3.7)

Since the total junction Hamiltonian commutes with both σ̂z and the spatial inversion x→−x it
follows that the scattering matrix Ŝ is diagonal in spin z-projection and parity indices.

To work out Ŝ we write Ψ(x) as the sum of an incoming, reflected, and transmitted wave,

Ψ(x) =


Ψin(x)+Ψrefl(x) x < 0,

Ψtrans(x) x > 0.

(3.8)

The incoming quasiparticle Ψin(x) is a plane wave moving from left to right with spin polarized
along the direction Pin ≡ (sinϑcosϕ,sinϑsinϕ,cosϑ):

Ψin(x) =



cos(ϑ/2)e−iϕ/2u0

cos(ϑ/2)e−iϕ/2v0

sin(ϑ/2)eiϕ/2u0

sin(ϑ/2)eiϕ/2v0


eikx x < 0. (3.9)

This spin polarization may be enforced by either using a second—resonant—laser beam or
electrically injecting the electron after it has flown through a spin valve. As (3.9) is a solution
of the bulk SC the wave vector k > 0 is related to the quasiparticle energy ε > 0 through [107]

ε =

√(
h̄2k2/2m+G/2

)2
+ |dcvE(ω)|2, (3.10)

whereas the excitonic coherence factors u0 and v0 are given by

|u0|2 =
1
2

1+

√
ε2−|dcvE(ω)|2

ε

 , (3.11)

|v0|2 = 1−|u0|2 , (3.12)
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3.3 Scattering matrix

with their relative phase being fixed by

u0v∗0 =
d∗cvE(ω)

2ε
. (3.13)

The quasiparticle probability current density is

J =
h̄
m ∑

σ

Im
[

u∗σ(x)
∂uσ(x)

∂x
− v∗σ(x)

∂vσ(x)
∂x

]
. (3.14)

From the above equations it is clear that the Rabi term Ed, proportional to the laser beam inten-
sity, controls the flux of the incoming quasiparticle, Jin = (h̄k/m)(|u0|2−|v0|2). For vanishing
interband coupling, Jin is simply the flux of an electron in the conduction band (|u0|2→ 1 and
|v0|2 → 0). For strong coupling, Jin is suppressed as contributions of conduction and valence
bands cancel each other out due to their opposite band curvatures (|u0|2−|v0|2→ 0).

A distinctive feature of the two-band model, in contrast with the one-band picture, is that the
evanescent wave localized at the interface adds to usual travelling waves to make the elastic-
scattering basis complete. In the expression of both reflected,

Ψrefl(x) =



cos(ϑ/2)e−iϕ/2a↑v∗0

cos(ϑ/2)e−iϕ/2a↑u∗0

sin(ϑ/2)eiϕ/2a↓v∗0

sin(ϑ/2)eiϕ/2a↓u∗0


eqx +



cos(ϑ/2)e−iϕ/2r↑u0

cos(ϑ/2)e−iϕ/2r↑v0

sin(ϑ/2)eiϕ/2r↓u0

sin(ϑ/2)eiϕ/2r↓v0


e−ikx x < 0, (3.15)
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3.3 Scattering matrix

and transmitted waves,

Ψtrans(x) =



cos(ϑ/2)e−iϕ/2t↑u0

cos(ϑ/2)e−iϕ/2t↑v0

sin(ϑ/2)eiϕ/2t↓u0

sin(ϑ/2)eiϕ/2t↓v0


eikx +



cos(ϑ/2)e−iϕ/2d↑v∗0

cos(ϑ/2)e−iϕ/2d↑u∗0

sin(ϑ/2)eiϕ/2d↓v∗0

sin(ϑ/2)eiϕ/2d↓u∗0


e−qx x > 0, (3.16)

superposition coefficients are labeled as rσ, tσ and aσ, dσ for plane and evanescent waves, re-
spectively. Note that the plane-wave weight is mainly in the conduction band whereas the
evanescent-wave weight in the valence band. The decay length of the evanescent wave, 1/q > 0,
is related to k and hence to ε through the relation

h̄2q2

2m
=

h̄2k2

2m
+G. (3.17)

To proceed we require that Ψ(x) is continuous at the origin,

Ψin(0)+Ψrefl(0) = Ψtrans(0), (3.18)

as well as that it satisfies the contact condition for the FM layer exchange force,

∂uσ(0+)

∂x
− ∂uσ(0−)

∂x
= Zσuσ(0), (3.19)

∂vσ(0+)

∂x
− ∂vσ(0−)

∂x
=−Zσvσ(0), (3.20)

with the position

Zσ =
2m
h̄2 (λ0 +σλz) . (3.21)

Conditions (3.18), (3.19), and (3.20) provide a linear system of four equations in the four un-
knowns aσ, rσ, tσ, dσ for each spin channel. The solution is:

aσ =
4ikZσu0v0

D
, (3.22)

rσ = Zσ

2q−Zσ(|u0|2−|v0|2)
D

, (3.23)
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3.4 Spin transfer torque

tσ = 1+ rσ, (3.24)

dσ = aσ, (3.25)

with

D = Zσ

[
Zσ(|u0|2−|v0|2)−2q

]
+

2ik
[
−Zσ +2q(|u0|2−|v0|2)

]
. (3.26)

Only travelling waves contribute to the probability current, so the transmission and reflection
coefficients are respectively |Jtrans|/ |Jin| = cos2(ϑ/2)

∣∣t↑∣∣2 + sin2(ϑ/2)
∣∣t↓∣∣2 and |Jrefl|/ |Jin| =

cos2(ϑ/2)
∣∣r↑∣∣2 + sin2(ϑ/2)

∣∣r↓∣∣2. It is a straightforward calculation to verify that

|rσ|2 + |tσ|2 = 1 (3.27)

and hence Ŝ is unitary as expected.

Since the FM scattering potential has zero range the scattering phase shift for the odd-parity
wave is exactly zero, so we are left with the phase shift δσ for the even-parity channel. As
shown e.g. in Chap. 8 of Ref. [98], one has rσ + tσ = exp(2iδσ), which provides, after some
manipulations:

tanδσ =−
Zσ

[
2q−Zσ(|u0|2−|v0|2)

]
2k
[
−Zσ +2q(|u0|2−|v0|2)

] . (3.28)

In the limit of weak Rabi coupling, |u0|2− |v0|2 → 1, one recovers the expected single-band
result,

tanδσ→−
Zσ

2k
, (3.29)

which is the phase shift experienced by a free electron when scattered by a contact force of
strength Zσ.

3.4 Spin transfer torque

To compute the spin transfer torque (STT) exerted by the FM layer on the carriers flowing
through the SC-FM-SC junction, we generalize the spin density matrix formalism of Ref. [108]

to two bands. For n-type quasiparticles, the total probability current j and spin current jS at time
t are respectively

j(t) =
1

2π

∫
dk

h̄k
m

[
|u0(k)|2−|v0(k)|2

]
Tr[ρ̂(k, t)] , (3.30)

and

jS(t) =
1

2π

∫
dk

h̄2k
2m

[
|u0(k)|2−|v0(k)|2

]
Tr[σ̂ρ̂(k, t)] , (3.31)

where ρ̂(k, t) is the 2× 2 nonequilibrium density matrix in spin space and σ̂ is the vector whose
components are Pauli matrices.
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3.4 Spin transfer torque

In the following we specialize in the case of a transient spin-polarized current impinging on
the FM layer from the left SC. This current may be generated either through pulsed electrical
injection of carriers [109] previously filtered by a spin valve or by shining the SC with a short
optical pulse [108]. In the latter case the laser that pumps real electron-hole pairs (photon energy
> G0) imprinting carrier spins through optical selection rules must not be confused with the
laser E(ω) that continuously creates virtual electron-hole pairs (h̄ω < G0). We may neglect the
valence hole contribution to the STT since the hole spin relaxation time is much shorter than the
optical recombination time in III-V group semiconductors [110].

In all events, we write the density matrix ρ̂in right after the generation of the transient current as

ρ̂in(k, t = 0) = fin(k)
1
2
(
Î +Pin · σ̂

)
. (3.32)

The spin is polarized along Pin as in (3.9) and fin(k) is the initial nonequilibrium distribution
of the hot quasiparticles injected into the left SC. Since orbital relaxation is much faster than
spin relaxation in n-doped samples [111], at the following times fin(k, t) decays with a spin-
independent relaxation time τk,

fin(k, t) = fin(k)exp(−t/τk). (3.33)

The integrated distribution provides the number nin of injected electrons per unit length,

nin =
1

2π

∫
dk fin(k) (3.34)

(we assume nin much smaller than the doping density).

Following Ref. [108], we make the spin structure of the 2 × 2 reflection matrix explicit,

r̂(k) =
1
2
{
[r↓(k)+ r↑(k)] Î +[r↓(k)− r↑(k)]M · σ̂

}
, (3.35)

as well as that of the transmission matrix t̂(k), with matrix elements being given by (3.23) and
(3.24), respectively. Neglecting multiple reflections due to sample boundaries, the total particle
current jL flowing from left to right in the left SC is

jL(t) =
1

2π

∫
k>0

dk
h̄k
m

[
|u0(k)|2−|v0(k)|2

]
×

Tr[ρ̂in(k, t)− ρ̂refl(k, t)] , (3.36)

where the reflected density matrix is given by

ρ̂refl(k, t) = r̂(k) ρ̂in(k, t) r̂†(k) =

fin(k, t)
1
2
[
R0(k)Î +R(k) · σ̂

]
, (3.37)

where, with the k dependence understood,

R0 =
1
2

[(∣∣r↓∣∣2 + ∣∣r↑∣∣2)+(∣∣r↓∣∣2− ∣∣r↑∣∣2)M ·Pin

]
, (3.38)
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3.4 Spin transfer torque

R =
1
2

[(∣∣r↓∣∣2− ∣∣r↑∣∣2)+(∣∣r↓∣∣2 + ∣∣r↑∣∣2)M ·Pin

]
M

+ Re
(
r↓r∗↑

)
(M×Pin)×M− Im

(
r↓r∗↑

)
M×Pin.

(3.39)

Therefore, the spin SL accumulated on the left hand side of the SC-FM-SC junction is

SL = −
∫

∞

0
dt jS

L(t) =−
∫

∞

0
dt

∫
k>0

dk
h̄2k
4πm

×[
|u0(k)|2−|v0(k)|2

]
Tr{σ̂ [ρ̂in(k, t)− ρ̂refl(k, t)]}

=
1

2π

∫
k>0

dk
h̄2k τk

2m
fin(k)

[
|u0(k)|2−|v0(k)|2

]
× [R(k)−Pin] . (3.40)

A similar expression for the spin accumulated on the right hand side of the junction, SR, is
obtained by replacing R(k)−Pin with T(k) in (3.40).

The spin transfer torque NSTT (averaged over the relaxation time τ, which we assume to weakly
depend on k) is the projection of (SL +SR)/τ onto the vectors M×Pin and (M×Pin)×M, that
is

NSTT =
1

2π

∫
k>0

dk
h̄2k
2m

fin(k)
[
|u0(k)|2−|v0(k)|2

]
×{[

Re
(
r↓r∗↑+ t↓t∗↑

)
−1
]
(M×Pin)×M

−Im
(
r↓r∗↑+ t↓t∗↑

)
M×Pin

}
, (3.41)

or, in terms of phase shifts,

NSTT =
1

2π

∫
k>0

dk
h̄2k
4m

fin(k)
[
|u0(k)|2−|v0(k)|2

]
×[

(cos{2[δ↑(k)−δ↓(k)]}−1)(M×Pin)×M

+sin{2[δ↑(k)−δ↓(k)]}(M×Pin)

]
, (3.42)

where the phase shifts δσ(k) are given by (3.28). From (3.42) it is apparent that there is no STT
if the interface potential is non magnetic (δ↑ = δ↓).
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3.5 Single channel

To uncover the key features of the junction, in the following we assume that only a single channel
with Fermi wave vector kF contributes to spin transfer in (3.42). The STT takes the form

NSTT =
h̄
4

nFvF (|u0|2−|v0|2)
[

sin[2(δ↑−δ↓)]M×Pin

+
{

cos[2(δ↑−δ↓)]−1
}
(M×Pin)×M

]
, (3.43)

where nF is the number of injected electrons per unit length at the Fermi energy and vF = h̄kF/m.
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Figure 3.2: Scattering phase shift normalized to π, δσ/π, vs dimensionless interface potential strength, εσ

b/εF ,
for selected values of the Rabi energy, |dcvE(ω)|/εF . Here εσ

b is the binding energy of the valence-band state, εF
is the Fermi energy, and the laser is at resonance, h̄ω = G0.

From (3.43) it is clear that the STT is ruled by the phase shift difference bewtween the two
spin channels. Therefore, we first discuss the behavior of δσ. It is important to note that, for
negliglible Rabi energy, the evanescent wave localized at the interface is a legitimate bound-state
solution of (3.6) with (binding) energy

ε
σ

b =
m

2h̄2 (λ0 +σλz)
2 . (3.44)

Here and throughout the paper we have assumed λ0 +σλz > 0, hence the interface state forms
in the valence band with εσ

b > 0. For λ0 +σλz < 0 the bound state forms in the conduction band
with εσ

b < 0. Moreover, we define the dimensionless interface potential strength, Zσ/kF , which
is related to εσ

b by

Zσ

kF
=

2m
h̄2kF

(λ0 +σλz) = 2

√
εσ

b
εF

. (3.45)

As a reference, let us first consider the simple single-band case, which is recovered when the
continuous laser beam is switched off. Figure 3.2 shows the dependence of δσ/π on the di-
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mensionless ratio εσ

b/εF parametrizing the interface potential strength (dashed-dotted line). The
phase is negative, smoothly decreasing from zero value—in the absence of scattering—to the
limit value δσ =−π/2 for infinite strength. The STT depends on the fixed interface parameters
ε
↑
b and ε

↓
b in a straightforward way through (3.43). The only experimental handle to tune NSTT,

apart from replacing the device, is by changing the doping level and hence εF .

For finite Rabi energy, which is proportional to the laser beam intensity, the phase exhibits a non
trivial behavior. Here we take the laser photon energy to exactly match the bare gap, G0 = h̄ω,
hence kF = qF . For weak Rabi coupling (|dcvE(ω)|/εF = 0.1, solid line in Fig. 3.2) the phase
shift first behaves as in the absence of the laser close to the origin, but then it suddenly jumps of
≈ π changing sign when εσ

b/εF approaches unity, and then it overlaps again with the one-band
result. As the laser intensity increases (|dcvE(ω)|/εF = 0.5, dashed line) the overlap with the
dashed-dotted curve decreases whereas the threshold at which the phase jumps moves to lower
values of εσ

b/εF .

εσ

b/εF

| d
cv

E
(ω

)|
/ε

F

δσ/π

Figure 3.3: (color online) Contour map of the scattering phase shift normalized to π, δσ/π. The axes are respec-
tively the binding energy of the valence-band state localized at the interface, εσ

b , and the Rabi energy of the laser,
|dcvE(ω)|. Both quantities are normalized to the Fermi energy, εF . The color code goes from -0.5 (blue) through
zero (white) up to 0.5 (red). Here the laser is at resonance, h̄ω = G0.

The contour map of δσ in the two-dimensional space whose axes are respectively εσ

b/εF and
|dcvE(ω)|/εF (Fig. 3.3) allows to locate the critical line at which the phase abruptly jumps.
This curve is the discontinuous frontier between regions of positive (red color) and negative
(blue) values of δσ, with |δσ| ≈ π/2. Since the phase jump occurs as the denominator on the
right hand side of (3.28) changes sign, the equation of the critical line is:

|dcvE(ω)|
εF

=

(
εF

εσ

b
−1
)1/2

ε
σ

b/εF ≤ 1. (3.46)

For large Rabi energy this frontier tends asymptotically to the axis εσ

b/εF = 0 whereas for
vanishing Rabi energy the line ends exactly at εσ

b/εF = 1. Interestingly, a second nodal line
(white color) develops for εσ

b/εF > 1 as the specular reflection of (3.46) with respect to the axis
εσ

b/εF = 1, but now the transition between positive and negative regions is smoothed.
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We attribute the abrupt variations of the phase to the Fano-like quantum interference [112] be-
tween the localized state of energy εσ

b in the valence band and the scattering state of energy
εF in the conduction band. This is apparent for a tiny Rabi energy, as the phase jump occurs
exactly when εF = εσ

b . The increase of the Rabi energy shifts this resonance while decreas-
ing the resonance lifetime and hence broadening the width of the interval in which δσ varies
significantly.

The appearance of a resonance with the increase of the Rabi energy and the following abrupt
jump of the scattering phase suggests that the laser beam intensity might be a powerful experi-
mental handle to enhance / suppress the STT.

This is illustrated in Fig. 3.4 by the plot of the projections of NSTT/(nFvF h̄/4) on the directions
(M×Pin)×M (solid line) and M×Pin (dashed line), respectively. When the laser is switched
off the value of the STT is given at the origin of the |dcvE(ω)|/εF axis and is fixed by the device
parameters. Here we consider three exemplar cases, that is, the interface parameters for the two
spin channels are: (a) both below the zero-field critical value unity, ε

↑
b/εF = 0.5, ε

↓
b/εF = 0.8 (b)

one below and one above, ε
↑
b/εF = 0.5, ε

↓
b/εF = 1.2 (c) both above, ε

↑
b/εF = 1.2, ε

↓
b/εF = 1.5.

Switching on the laser allows to widely modulate the STT, increasing its absolute value even
by orders of magnitude [e.g. in panel (a) compare the minimum of the solid curve with respect
to the value at the origin] and approaching the extremal values theoretically allowed for the
STT, i.e. ±1 for the dashed curve and -2 for the solid curve. Generically, as |dcvE(ω)|/εF

increases, the absolute value of the STT reaches a maximum, approximately located in the range
of |dcvE(ω)|/εF between the origin and unity. Panel (b) displays the most complex beahavior,
as around |dcvE(ω)|/εF ≈ 0.18 the STT is perfectly suppressed. In addition, the component
along M×Pin changes sign twice. For strong Rabi coupling, all three panels share the same
trend, as the STT is asymptotically suppressed. This may be understood from (3.28) since
(|u0|2−|v0|2)→ 0 and hence δσ→ π/4 in both spin channels. Therefore, the strong excitonic
coherence imprinted by the laser counteracts the spin transfer torque.

3.6 Conclusions

In conclusion, we have explored at a seminal level a way to coherently control the spin transfer
torque by means of the sub-bandgap optical Stark effect. The method is promising as it provides
an experimentale handle to change the efficiency of the STT without heating the system. Further
work is needed to validate this idea in a more realistic setup.

We thank Lu Sham for many stimulating interactions as well as for hosting both of us at Uni-
versity of California San Diego. This work was supported by EU Marie Curie Initial Training
Network INDEX.
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↑
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↓
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↑
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↓
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↑
b/εF = 1.2, ε

↓
b/εF = 1.5. Here the laser is at resonance, h̄ω = G0.
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4Conclusion

In this Thesis we have explored, at a seminal level, a way to coherently control the spin trans-
fer torque by means of the sub-bandgap optical Stark effect. The proposed junction, made of
a ferromagnetic semiconductor thin active layer sandwiched between two standard direct-gap
semiconductors, is promising as it provides an experimentale handle to change the efficiency of
the spin transfer torque without heating the system.

Further work is needed to validate this idea in a more realistic setup. Whereas the actual suit-
ability of dilute magnetic semiconductors for applications is currently debated, we remark that
heterostructures similar in design to the one we have proposed in this Thesis have already been
realized and successfully investigated.

Future directions of the research reported in this Thesis are somehow obvious. The first goal is
certainly to relax the several approximations involved in the simple toy model we have analyzed
in order to describe a realistic junction. Our goal here was to focus on a novel concept to control
spin transfer torque.
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V. Novák, P. Malỳ, et al., “Experimental observation of
the optical spin-orbit torque,” Nature Photonics, vol. 7,
no. 6, pp. 492–498, 2013.

[90] J. Shah, Ultrafast spectroscopy of semiconductors and
semiconductor nanostructures, vol. 115. Springer
Science & Business Media, 2013.

[91] M. Dyakonov, “Basics of semiconductor and spin
physics,” in Spin Physics in Semiconductors, pp. 1–28,
Springer, 2008.

[92] S. Maekawa, Concepts in spin electronics, vol. 13.
Oxford University Press on Demand, 2006.
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