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Abstract 

Engineering new semiconductor based electronic devices using the spin degree of freedom in their 
functionality requires dedicated techniques to determine functionality of individual components. Opti-
cal pump-probe techniques having a temporal resolution of up to 100 fs are useful to investigate dy-
namics related to the electron spin. 

Time-resolved Magnetization Modulation Spectroscopy has been used to determine the electron 
spin relaxation time in an n-doped GaAs spin transport channel of a lateral all-electrical spin injection 
and detection device. The electron spin relaxation time at a temperature of 5 K is found to lie between 
0.5 and 3.0 ns, which is short compared to literature values for bulk n-GaAs of up to 125 ns. The spa-
tial profile of a spin package under influence of an electric field is monitored, thereby obtaining spin 
diffusion and spin mobility of respectively 45 ± 10 cm2s-1 and (1.1 ± 0.3)·103 cm2V-1s-1. The influence 
of carrier recombination on perceived diffusion is shown to obscure measurements when holes are still 
present. 

The optical response of a spin polarised heterostructure is investigated as a function of wavelength. 
A model has been set up to predict rotation and ellipticity of the magneto-optic Kerr effect in which 
the optical response of the heterostructure is coupled to a simulated complex linear relational function 
of z and a depth-dependent complex magneto-optical constant. Measurements of the wavelength de-
pendent optical response show correlation with the calculated effect. 

Optical detection of electrical spin injection in the spin transport layer using an AlOx tunnel barrier 
and a CoFe ferromagnetic electrode has been attempted. Calculations show that the expected signal is 
significantly smaller than in comparable results in recent literature. 
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1 Introduction 

Since the start of the computer era over half a century ago, a continuous race has been going on for 
faster, smaller and cheaper electronics. A very clear illustration of the development of electronics is 
Moore's Law[1], a very famous exponential trend that is obeyed to since 1965, stating that the number 
of transistors on an integrated circuit is doubled every two years. Until now, computer processors per-
form calculations in their transistors only using the charge of electrons as a source of information. 

With the miniaturisation of the elements in an integrated circuit, another attribute of electrons has 
come forward. Its spin can be used to keep and manipulate information in electronics. The research 
field of spintronics focuses on actively using this attribute. The first real spintronic effect is the Giant 
Magnetoresistance (GMR), invented by Albert Fert and Peter Grünberg in 1988[2]. For this effect the 
2007 Nobel Prize of Physics has been awarded. 

The GMR effect is the enhanced magnetoresistance (MR) of a spintronic device. MR is the change 
of the resistance due to the presence of a magnetic field. A spin-valve (see figure 1.1a) is a GMR de-
vice that has replaced the read heads of hard disk drives at the beginning of the 1990's. The improved 
sensitivity to the magnetic field of the bits was an important factor in scaling up the bit density of the 
drives. Another recent spintronic application is MRAM shown in figure 1.1b, a non-volatile Magnetic 
Random Access Memory. 

a)  b)  
Figure 1.1: Schematic representation of a spin valve (a) and MRAM (b). In the spin valve, the combined resis-
tance of the spin up and spin down channel is dependant on the relative magnetisation of two ferromagnetic lay-
ers (FM) separated by a non-magnetic layer (NM). The MRAM device stores bits in a ferromagnetic layer be-
tween word and bit lines. For reading, the resistance between two of these lines determines the bit, while for 
writing the added magnetic fields caused by current in the word and bit lines can switch the layer. 
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1.1 Spintronics in semiconductors 
Compared to non-magnetic metals, the lifetime of spin polarisation in a semiconductor material is or-
ders of magnitude longer[3]. This means that once the electron density in a semiconductor exhibits an 
imbalance in spin up and spin down, the balance is only slowly recovered. Research has revealed spin 
lifetimes exceeding 100 nanoseconds in gallium arsenide (GaAs) with specific doping and tempera-
ture. While this seems short, the electrons can travel over tens of micrometers, which is a long distance 
for contemporary electronics. This makes semiconductors ideal for transporting spin polarised elec-
trons over longer distances. Lately, a spin valve has been made using silicon as a transport layer[4]. 
This is an ideal step towards integrating new spintronic devices in contemporary silicon electronics. 

One promising application using a semiconductor as a spin transport channel is the spin transistor, 
for which a proposal is shown in figure 1.2[5]. Two ferromagnetic electrodes are grown laterally on top 
of the semiconductor surface. Each electrode is capable of injecting or collecting a spin polarised cur-
rent. In between the electrodes, the spin direction can be manipulated by an electric field, using spin-
orbit coupling. 

 
Figure 1.2: Schematic cross section of a proposal for the design of a spin transistor. 

1.2 All-electrical spin injection and detection device 
In the near past, several designs have been reported for a lateral all-electrical spin injection and detec-
tion device[6][7]. In this thesis, a device designed by IMEC Leuven is subject of investigation. Sche-
matically, this device is depicted in figure 1.3. It consists of a thin layer n-doped GaAs, on which two 
magnetic electrodes are grown, separated by a tunnel barrier. Electrons flowing from one electrode to 
the channel get spin polarised in the ferromagnetic layer. The resistance of  the device depends on the 
direction of magnetisation of the detection electrode relative to the electron spin and thus to the injec-
tion electrode. When the injection magnetisation is switched with an externally applied magnetic field, 
the detection electrode remains fixed because of its higher coercivity and the device shows MR behav-
iour. 
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Figure 1.3: Schematic design of all-electrical spin injection and detection device. Spin polarised electrons are 
injected into the semiconductor spin channel via a switchable magnetic electrode separated by a tunnel barrier. In 
the same way it is detected by a permanent magnetic electrode. 

1.3 This thesis 
In this thesis, optical methods are employed with which the all-electrical spin injection and detec-

tion device is investigated. The thesis will start with a general description of optical spin injection and 
detection. Then the design of the device will be explained and a band diagram simulation is carried 
out. Next, Time-resolved Magnetization Modulation Spectroscopy is described and used to measure 
the spin lifetime of the device. In the section that follows, a more thoroughly investigation of the 
source of optical spin detection is performed and a model is created to simulate the optical response. 
Subsequently, spin transport mechanisms in the device are visualised. The thesis finishes with an at-
tempt of optical detection of electrically injected spins. 
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2 Optical spin injection and detection 

An important part of this thesis consists of descriptions of optical techniques and optical simulations 
that are used to retrieve information from the all-electrical spin injection and detection device. To un-
derstand these techniques, this chapter focuses on some relevant general theoretical aspects. First, an 
introduction is given on spin polarised electrons in a semiconductor. Then, optical injection is ex-
plained, incorporating all steps that follow each other subsequently. The next chapter describes some 
transport mechanisms which spin is subject to. Finally, optical detection using the magneto-optic Kerr 
effect is described for a homogeneous sample as well as an arbitrary heterostructure. 

2.1 Spin polarised electrons in semiconductors 
Spintronics is based upon the quantum mechanical spin of electrons. Electron spin has a fixed magni-
tude ½ , with  Planck's constant divided by 2π. The spin can be oriented in any direction, but quan-

tum mechanics demand that only one of the three dimensions can be defined. The direction of this di-
mension is chosen in reference to a magnetic field that is relevant for the situation. The spin has either 
spin up or spin down, corresponding to parallel or antiparallel to the magnetic field. 

In magnetised materials, there is an imbalance in electrons with spin up and spin down. The mate-
rial is said to be spin-polarised. These spin polarised electrons can only exist in electronic bands that 
are not completely filled, because the Fermi principle states that two electrons cannot have exactly the 
same state. Full electron bands must thus divide the spin up and spin down electrons equally, resulting 
in no net spin polarisation. The spin polarisation Ps for a specific selection of electrons, for example a 
partly filled electronic band, is defined as 

s
n n

P
n n

↑ ↓

↑ ↓

−
=

+
 (2.1) 

where ( )n
↑ ↓

 is the density of the electrons with spin up (down). Spin density is then simply defined as 

n n↑ ↓− . In ferromagnetic materials, spin polarisation exists as a equilibrium state, while in other ma-

terials a magnetic field is needed to make spin polarisation energetically favourable. When in the ab-
sence of a magnetic field spin polarisation is created in a non-magnetic material, the balance between 
spin up and spin down electrons will be regained over a period of time, called the spin relaxation time 
or spin lifetime τs. 

For semiconductors, spin polarisation can exist for electrons in the valance and the conduction 
band. In the valance band, it is customary to speak about spin polarised holes, a hole with spin up be-
ing a missing electron with spin down. Compared to non-magnetic metals, the spin lifetime of elec-
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trons in the conduction band of a semiconductor is very large. It can exceed 100 ns[3] in n-doped GaAs 
at a temperature of 5 K, while the relaxation time for holes is much shorter, usually less than a pico-
second[8]. 

In this thesis, the focus will be on GaAs as a semiconductor. GaAs has a zinc-blende (ZnS) crystal 
structure, for which the band structure, partly shown in figure 2.1, is well known[9]. It has a direct band 
gap at k = 0, the so-called Γ-point. Conduction and valance energy bands have a parabolic form near 
the Γ-point and the curvature defines the effective mass of electrons and holes[10]. In the valance band 
three types of holes can be distinguished: heavy holes, light holes and split-off holes, each with differ-
ent quantum numbers for L, S and mj as summarised in table 2.1. The angular momentum quantum 
number mj determines the spin. For conduction electrons, mj = +(-)½ corresponds to spin up (down). 
For holes, it is not totally correct to speak about spin, because one has to look at the total angular mo-
mentum. In this thesis, a positive (negative) mj for holes will be referred to as spin up (down). 

 
Figure 2.1: Band structure of zinc-blende semiconductor near the Γ-point with heavy hole (HH), light hole (LH) 
and split-off (SO) band. The band gap has size Eg.  

Table 2.1: Quantum numbers for carriers in zinc-blende semiconductor. 

carrier L S J mj 

conduction electron 0 1/2 1/2 ±1/2 
heavy hole 1 1/2 3/2 ±3/2 
light hole 1 1/2 3/2 ±1/2 

split-off hole 1 1/2 1/2 ±1/2 

2.2 Optical spin injection 
Optical spin injection is a technique to create electron spin polarisation in a semiconductor using cir-
cularly polarised light. In this section, the absorption of a short 100 fs circularly polarised laser pulse 
will be described for n-doped GaAs at low temperature, including the processes that take place until 
the semiconductor has regained equilibrium. In chronological order, these processes are absorption, 
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hole spin relaxation, electron-hole recombination and electron spin relaxation. They are shown in fig-
ure 2.2, where the density of states as a function of energy N(E), separated for spin up and spin down 
electrons, is used to visualise the processes. Near the band gap, the exact form of the density of states 
is defined by the effective mass of electrons or holes. For conduction electrons, the total density of 
states can be calculated as[10] 

( ) ( )
3
2 1

2

2 2

21
2

e
c

mN E E E
π

⎛ ⎞= −⎜ ⎟
⎝ ⎠

 (2.2) 

where me is the effective mass of the electrons and Ec is the energy at the bottom of the conduction 
band. Although in reality the available states will be filled using a Fermi-Dirac distribution, for the 
sake of simplicity the states are filled using a step function in figure 2.2. 

Figure 2.2: Density of states pictures showing the mechanisms after optical spin injection by a circularly polar-
ised laser pulse of 100 fs at low temperature. Excitation by absorption generates 50% spin polarised electrons 
and 100% spin polarised holes (a to b). Hole relaxation levels the spin of the holes (c), after which recombination 
fills the holes with electrons (d). The spin polarisation of the conduction electrons remains until these are relaxed 
as well (e).  

Absorption 
A photon with an energy larger than the band gap hω > Eg can excite an electron from the valance 
band into the conduction band, under conservation of energy and (angular) momentum. As the mo-
mentum of a photon is negligible compared to that of an electron, the k-vector of an excited electron is 
not allowed to change. However, angular momentum mj does change, because a photon has orbital 
quantum number ±1, corresponding to either left or right circularly polarised light. When the photon 
energy used is less than that is required for exciting electrons from the split-off band, only the transi-
tions summarised in table 2.2 are possible. These are called the optical selection rules. 
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Table 2.2: Optical selection rules for excitation by polarised photons. 
initial band mj initial Δm photon mj final probability 
heavy hole -3/2 +1 -1/2 3/4 
light hole -1/2 +1 +1/2 1/4 

heavy hole +3/2 -1 +1/2 3/4 
light hole +1/2 -1 -1/2 1/4 

 
For each photon spin state Δm two transitions are possible, each having a certain probability. When 
exciting with multiple photons having the same spin, e.g. a left-handed circularly polarised laser pulse, 
75% of the electrons will finish in a state with spin up and 25% with spin down. The excited electrons 
have thus a spin polarisation of 50%, while the remaining holes have a spin polarisation of 100%. 
Shortly after excitation, the electrons in the valance and conduction band will thermalise, losing their 
excess energy hω - Eg. The situation that is then created is shown in figure 2.2b. 

Hole spin relaxation 
Due to spin-orbit coupling, holes will relax their spin very fast, typically in less than 1 ps[8]. Each col-
lision of a valance electron with a phonon causes the orbital momentum to change, to which the total 
angular momentum is coupled. Therefore, the hole relaxation time is in the order of the momentum 
scattering time of electrons. Because of this fast relaxation process, the orbital momentum of holes is 
not of great importance when considering optical spin injection in GaAs. The situation for relaxed 
holes is shown in figure 2.2c. 

Electron-hole recombination 
After electron-hole pairs are created by the photon pulse, they will recombine. There are different 
types of recombination processes in semiconductors: radiative, Shockly-Read-Hall and Auger recom-
bination. When optical injection is done at a temperature of 5 K, which is the case for the experiments 
done for this thesis, radiative recombination dominates. Radiative recombination occurs when an elec-
tron and a hole have found each other and have formed an exciton. Excitons energies are in the order 
of 4 meV[11], thus only at low thermal energy (kBT < 4 meV) they can be formed effectively. There-
fore, recombination times at a temperature of 5 K are relatively short, in the order of 100 ps for the 
device with which experiments have been done. 

For recombination, the same selection rules as for excitation are valid, with initial and final states 
exchanged in table 2.2. However, because of the short hole relaxation time, the hole spin will remain 
neutrally polarised during recombination. Therefore, the rate at which spin up (down) conduction elec-
trons with density ( )n

↑ ↓
 recombine can be defined as 

( ) ( )
21

2 in R n p n
t ↑ ↓ ↑ ↓

∂ ⎛ ⎞= − −⎜ ⎟∂ ⎝ ⎠
 (2.3) 

with R a recombination proportionality constant, p the hole concentration and ni the electron concen-
tration for intrinsic GaAs. The recombination rate is thus proportional to the spin up (down) electron 
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density and the hole density. Recombination stops when electron and hole concentrations have reached 
equilibrium, when ( ) 2

in n p n↑ ↓+ = . However, at a high excitation density this last factor will be neg-

ligible. 
Each recombined electron results in a recombined hole, thus the rate of change for holes is related 

to (2.3) as 

p n n
t t t↑ ↓

∂ ∂ ∂
= +

∂ ∂ ∂
. (2.4) 

After excitation by a circularly polarised laser pulse, n n↑ ↓>  due to the optical selection rules. Spin 

up electrons will thus recombine at a higher rate than spin down electrons. Therefore, when the excita-
tion density has the same order of magnitude or is larger than the equilibrium carrier density, the spin 
density n n↑ ↓−  will diminish by recombination. 

Recombination in the optical injection process will result in an occupation of density of states like 
in figure 2.2d. 

Electron spin relaxation 
Electron spin relaxation is the last process taking place after absorption of the laser pulse and before 
regaining equilibrium. There are several theories about the physical process causing electron spin re-
laxation, of which the so-called Elliot-Yafet (EY) and D'Yakonov-Perel (DP) mechanisms are most 
important for n-GaAs at temperatures near 5 K[3]. The first theory involves spin-orbit interactions re-
sulting in spin flip at momentum scattering, while the latter depends on spin precession in between the 
collisions. The rate at which this relaxation process takes place is expressed using the spin relaxation 
time τs: 

( ) ( )
s

n n
n

t τ
↑ ↓

↑ ↓

−∂
= − +

∂
. (2.5) 

Figure 2.3 gives an overview from literature[12] of spin lifetimes as a function of doping concentration 
for n-GaAs at low temperature. Spin relaxation times are largest between doping levels of 2·1015 to 
5·1016 cm-3. 
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Figure 2.3: Spin relaxation time as a function of donor concentration in n-GaAs at low temperature. 

2.3 Spin transport and precession 
Once spin has been injected into the conduction band of a semiconductor, it is subject to transport 
mechanisms like diffusion and drift. Diffusion will cause a spreading in spin density when there is a 
spatial inhomogeneity, while drift moves the spin in an externally applied electric field. These two 
mechanisms are combined in the following partial differential equation for electron spin density as the 
first and second part right of the equation sign[13]: 

( ) ( ) ( )2
s sn n D n n n n

t
μ↑ ↓ ↑ ↓ ↑ ↓

∂
− = ∇ − + ⋅∇ −

∂
E  (2.6) 

where Ds is the spin diffusion constant, E the local electric field and μs the spin mobility. Now ( )n
↑ ↓

 is 

a function of space and time. 
In the absence of holes, i.e. after electron-hole recombination in an n-type semiconductor, the spin 

diffusion and drift is supposed to be identical to electron diffusion and drift, Ds ~ De and μs ~ μe. How-
ever, when holes are present the Coulomb interaction between electrons and holes influences diffusion 
and mobility. In n-GaAs, the diffusion constant of electrons is about 200 cm2s-1, 20 times bigger than 
the diffusion constant of holes which is 10 cm2s-1[11]. Electrons will try to move away but are slowed 
down by the electric field of the lagging holes. In this situation, charge transport is defined by the am-
bipolar diffusion Da and mobility μa constants[14]: 

e h h e
a

e h

n D p DD
n p

μ μ
μ μ

+
=

+
 (2.7) 

( ) e h
a

e h

n p
n p

μ μ
μ

μ μ
−

=
+

 (2.8) 

with n (p) the electron (hole) concentration, Dh the hole diffusion constant and μh the hole mobility. 
Electrons and thus spin will move with these ambipolar constants. 
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Spin polarised electrons will react to a magnetic field as well. An externally applied magnetic field 
B can be used to create a torque τ on the spin polarised electrons in the sample with angular momen-
tum μ: 

= ×τ μ B  (2.9) 

causing the electrons to precess around the direction of the field. The frequency ωL with which the 
electrons precess is called the Larmor frequency and is defined by the gyromagnetic ratio γ: 

2L
e

eB g B
m

ω γ= − = +  (2.10) 

with B the magnitude of the magnetic field, e the electron charge, me the effective mass of the electron 
and g the Landé-factor of the electrons[15]. 

2.4 Optical spin detection 
This section describes how spin polarised electrons in a semiconductor can be detected optically. 
There are two methods that can give information on the spin density in the conduction band. The first 
uses photoluminescence, measuring the radiation that is emitted during recombination. This light will 
have some degree of circular polarisation, proportional to the spin density. However, in this thesis the 
magneto-optic Kerr effect is used to detect spin polarised electrons locally. 

Magneto-optic Kerr effect 
The magneto-optic Kerr effect is the change in polarisation of light when it is reflected at the surface 
of a magnetised sample. This polarisation change originates in the difference in absorption for left and 
right circularly polarised light in a spin polarised sample. This difference is defined by the occupied 
and available states from which or to which electrons are excited. For an electron spin polarised n-
doped semiconductor, the effect is shown in figure 2.4. When probing the material with photons hav-
ing the energy indicated in the figure, the presence of spin up electrons in the conduction band prevent 
the left circularly polarised photons to be absorbed, whereas right circularly polarised photons are al-
lowed to excite electrons from the valance band. 



2 Optical spin injection and detection 

- 11 - 

 
Figure 2.4: Spin dependent absorption causing the magneto-optic Kerr effect. Left circularly polarised light with 
the indicated energy cannot be absorbed, while right circularly polarised light can. 

In optics, the influence of this asymmetrical absorption on the electromagnetic field of light is incorpo-
rated in the dielectric tensor ε. Therefore the magneto-optic complex constant Q is added to an iso-
tropic tensor in Cartesian coordinates: 

2

1
1

1

z y

z x

y x

iQ iQ
N iQ iQ

iQ iQ

⎛ ⎞−
⎜ ⎟

= −⎜ ⎟
⎜ ⎟−⎝ ⎠

ε  (2.11) 

where N is the (complex) refractive index and Qx,y,z are the three components of Q.  
The constant Q is a physical response function of the photon energy, the imaginary part represent-

ing energy absorption. Because the absorption occurs only at a specific photon energy, it will show a 
narrow peak in the energy spectrum for that value. Via the Kramers-Krönig relations, its real part can 
then be defined. An example of such behaviour is shown in figure 2.5. 
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0
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 ℑ(f)
 ℜ(f)

0 ω0  
Figure 2.5: Kramers-Krönig behaviour of the real and imaginary part of a response function near a resonance 
frequency ω0. 

Now we will investigate the simple situation with a homogeneous dielectric tensor, a small mag-
neto-optical constant ( 1Q ) and light propagating in the z-direction. The quantisation axis of elec-
tron spin, also in the z-direction defines Q to have that direction as well. The complex refractive index 
N is then defined for left (L) and right (R) circularly polarised light independently[16]: 

( ) ( ) 11
2L RN N Q⎛ ⎞= − +⎜ ⎟

⎝ ⎠
. (2.12) 

The reflection of a material with these refractive indices is determined by the complex reflectivity co-
efficient rL(R),, differing for left and right polarisation: 

( )
( )

( )

1

1
L R

L R
L R

N
r

N

−
=

+
. (2.13) 

When probing a material with linearly polarised light, which actually is a summation of left and right 
circularly polarised light (see figure 2.6), the reflectivity coefficients rL and rR will induce rotation θ' 
and ellipticity θ'' by changing the two components differently. These effects can be described quantita-
tively as 

i L R

L R

r r
r r

θ θ −′ ′′+ =
+

 (2.14) 

resulting in a description of Kerr rotation and ellipticity. 
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Figure 2.6: Left (L) and right (R) polarised light combine to linearly polarised light (a). When the amplitude of 
one component changes, ellipticity is induced (b). When the phase of one component changes, rotation is in-
duced (c). 

Multilayers 
When multiple layers with different refractive indices and magneto-optical constants are involved, the 
magneto-optic Kerr effect can be calculated using medium boundary matrices and medium propaga-
tion matrices, taking into account multiple reflections at each interface between consecutive layers[16]. 
These matrices must be formed for each layer. They are then combined into one matrix that defines the 
relations between incident, reflected and transmitted light, as if the sample consisted of one homoge-
neous layer. The Kerr effect among others can then be determined for the complete system of layers. 
While varying some parameters, for example the wavelength of light, the thickness of a layer or the 
magneto-optical constant of some layers, the consequences for the Kerr effect can be determined. 

To explain how these matrices work, two vectors are defined. The vector P contains the two com-
ponents of the electromagnetic wave of a probing (laser) beam in both incident and reflected direc-
tions: 

i
s
i
p
r
s
i
s

E
E
E
E

⎛ ⎞
⎜ ⎟
⎜ ⎟≡ ⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

P  (2.15) 

where Es
i and Ep

i are the s- and p-components of the field of the incident beam, while Es
r and Ep

r are 
that of the reflected beam going in the other direction. In figure 2.7 these definitions are indicated. A 
second vector F contains the electric field Ex(y) and magnetic field Hx(y) in the plane of the medium 
boundary between two layers: 

x

y

x

y

E
E
H
H

⎛ ⎞
⎜ ⎟
⎜ ⎟≡ ⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

F . (2.16) 
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Figure 2.7: Definitions of the x-, y-, s- and p-directions at a medium boundary. 

The 4x4 medium boundary matrix A defines the relation between these two vectors as 
= ⋅F A P . (2.17) 

At the interface between two layers, numbered 1 (above) and 2 (under), the vector F must be continu-
ous, i.e. F1,b = F2,t where the subscript b (t) denotes the bottom (top) of the layer. This implies that 

1 1, 2 2,b t⋅ = ⋅A P A P  where P1,b describes the beam at the bottom of layer 1 and P2,t describes the beam 

at the top of layer 2. 
The next step is to determine the evolution of the incident and reflected beams when travelling in a 

medium. Because of this, the medium propagation matrix D is built. If P2,t describes the beam at the 
top of layer 2 and P2,b describes it at the bottom, the propagation matrix D2 for that layer relates them 
as: 

2, 2 2,t b= ⋅P D P  (2.18) 

Going from the bottom of layer 1 to the top of layer 3, the following construction is obtained: 
1

1, 1 1, 2 2, 2 2 2, 2 2 2 3 3,b b t b t
−= ⋅ = ⋅ = ⋅ ⋅ = ⋅ ⋅ ⋅ ⋅F A P A P A D P A D A A P  (2.19) 

A visualisation for this calculation is given in figure 2.8. 
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Figure 2.8: Medium boundary matrices A and medium propagation matrices D used to describe a laser beam 
going through different layers. 

This can go on for m layers on top of each other, each with its own A and D. Finally, a matrix M de-
scribing the total medium is constructed such that 

1 m= ⋅P M P  (2.20) 

where 

( )
1

1 1
1

2

m

j j j m
j

−
− −

=

= ⋅ ⋅ ⋅∏M A A D A A . (2.21) 

In practice, medium 1 will be the air or vacuum in front of the sample, while medium m is the final 
medium which either absorbs all light or is the same as medium 1 in which case the sample is trans-
parent. 

The matrices A and D are given for an arbitrary direction of beam incidence and Q in [17]. Here 
they are given for the case of perpendicular incidence and Q in the z-direction: 

1 1
2 2

1 1
2 2

1 0 1 0
0 1 0 1

i i
i i

NQ N NQ N
N NQ N NQ

⎛ ⎞
⎜ ⎟
⎜ ⎟=
⎜ ⎟− − −
⎜ ⎟

−⎝ ⎠

A  (2.22) 

and 

i i

i i
1 1

1 1

cos sin 0 0
sin cos 0 0
0 0 cos sin
0 0 sin cos

r r

r r

U U
U U

U U
U U

δ δ
δ δ

δ δ
δ δ

− −

− −

⎛ ⎞
⎜ ⎟−⎜ ⎟=
⎜ ⎟−
⎜ ⎟
⎝ ⎠

D . (2.23) 

In these matrices, N is the refractive index, Q the magneto-optical constant, exp i
2
NdU
πλ

⎛ ⎞= −⎜ ⎟
⎝ ⎠

, 

i 4
Nd Qδ
πλ

= , 
4r
Nd Qδ
πλ

= − , d the thickness of a layer and λ the wavelength of light. 
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Because the complete interaction between incident, reflected and transmitted beams is defined in 
the matrix M, the reflection and transmission coefficients can be calculated. Because of this, the 4x4 
matrix M is split into four 2x2 matrices G, H, I and J so that incident i, reflected r and transmitted t 
light are related as 

0
0

i t
s s
i t
p p
r
s
r
p

E E
E E
E
E

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟

⎛ ⎞⎜ ⎟ ⎜ ⎟= ⋅⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

G H
I J

 (2.24) 

where the boundary condition is set such that there is no reflected beam coming from the other side of 
the sample. The reflected beam can now be directly related to the incident beam: 

1
r i
s s
r i
p p

E E
E E

−⎛ ⎞ ⎛ ⎞
= ⋅ ⋅⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
I G  (2.25) 

so that I·G-1 is the reflection matrix: 

1 ss sp

ps pp

r r
r r

− ⎛ ⎞
⋅ = ⎜ ⎟

⎝ ⎠
I G  (2.26) 

With these relations known, the Kerr rotation θ' and ellipticity θ'' for s-polarised light can easily be 
expressed as  

' i '' sp

ss

r
r

θ θ+ =  (2.27) 

which is the same for p-polarised light in the case of perpendicular incidence. 
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3 All-electrical Spin Injection and 
Detection Device 

The purpose for the all-electrical spin injection and detection device discussed here is making a mag-
netoresistance (MR) based on a semiconductor channel. A simplified drawing of it has already been 
shown in figure 1.3. The device uses two tunnel barriers placed laterally on a GaAs spin transport 
channel, each with a ferromagnetic electrode on top of it. One is used for spin injection, the other for 
spin detection. The total resistance of the device, from one electrode to the other, depends on the rela-
tive magnetisation of the electrodes, being either parallel or antiparallel. 

In this chapter the design of the device is being discussed. While the focus will be on the spin 
transport layer, for which the work in the rest of this thesis has been done, electrical spin injection and 
detection will be explained first. Next, all components of the design will be shown, then the carrier 
distribution is calculated for the spin transport channel. 

3.1 Electrical spin injection and detection 
Electrical spin injection and detection use a tunnel barrier between a ferromagnetic layer and an n-
doped semiconductor to create an asymmetrical tunnelling probability of spin up and spin down elec-
trons. Schematically, this is shown in figure 3.1. 

 
Figure 3.1: Electrical spin injection into (left) and spin detection from (right) a non-magnetic semiconductor 
layer using an insulator as a tunnel barrier and a ferromagnetic layer. 
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When electrons tunnel from a ferromagnetic layer through an insulator into a semiconductor, the tun-
nelling probability for each spin channel is proportional to the density of states at the Fermi-level on 
both sides of the barrier[18]. At this energy level, the occupied states of the layer tunnelling from and 
the available states tunnelling to are defined with ( ) ( )FN E

↑ ↓
. In the ferromagnetic layer, there is an 

imbalance of the spin up and spin down density at the Fermi level: ( ) ( )F FN E N E↑ ↓> , while in the 

semiconductor the density of states are equal. In the picture, this is indicated by a majority of spin up 
electrons on the left side of the injection tunnel barrier. On the right side, the vacant places are equally 
distributed between spin up and spin down. This causes the current from the ferromagnetic layer into 
the semiconductor to be spin-polarised, injecting spin polarisation in the semiconductor. 

Note that without the tunnel barrier, spin injection into the semiconductor will be negligible due to 
the conduction mismatch. The resistance of the semiconductor, identical for both spin channels, is 
much greater than the spin selective resistance in the ferromagnetic layer. The net current is thus 
dominated by the conductivity of the semiconductor and thus the current is neutrally polarised. With a 
tunnel junction, the resistance is dominated by the spin selective tunnel barrier, unbalanced for the 
separate spin channels. This makes it possible to have a larger spin up electron current than spin down 
electron current. 

For spin detection, electrons tunnel from the semiconductor to the spin up polarised ferromagnetic 
layer. Now spin polarisation in the semiconductor plays a role as well. When the electrons are polar-
ised with spin up in the conduction band, the probability for tunnelling of spin up electrons is much 
greater than that of spin down electrons. On the other hand, if the semiconductor has a spin down po-
larisation, the combined tunnelling current of spin up and spin down electrons is smaller. The resis-
tance of the spin detection tunnel junction is thus dependent on the spin polarisation in the semicon-
ductor. 

As a spin injection tunnel barrier, an insulator can be used like AlOx, but the natural Schottky-
barrier that is created by growing a metal layer on a semiconductor can be exploited as well. Defining 
the width of the tunnel barrier is more difficult then, because the doping concentration in the top layer 
of the semiconductor, directly under the interface with the ferromagnetic layer, must be tuned. 

3.2 Design by IMEC 
The functionality of the all-electrical spin injection and detection device is based on the long electron 
spin relaxation time in n-doped GaAs and the spin injection and detection techniques using a tunnel 
barrier as described in section 3.1. The spin lifetime in n-GaAs is longest with a doping of 2·1015 - 
5·1016 cm-3 and can be up to 100 ns at 5 K (see figure 2.3). In the past, electrical spin injection in n-
GaAs has already been detected optically using spin-LEDs[19] and the magneto-optic Kerr effect[20].  

IMEC Leuven has focused on making small sub-micrometer structures to minimise loss of spin 
polarisation during the transport of electrons. Their device, for which the cross-section is shown in 
figure 3.2, uses a 0.5 mm thick layer of intrinsic GaAs as a substrate. On top of that, a 200 nm layer of 
Al0.3Ga0.7As is grown, having a higher band gap than (n-)GaAs. A Si δ-doping of 2·1011 cm-2 is applied 
in this layer 10 nm below the top. Then the 200 nm thick n-GaAs spin transport channel with a silicon 
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doping of 5·1016 cm-3 is grown. The δ-doping pulls electron carriers to the bottom of the channel 
where the AlGaAs barrier blocks them. The electron density at the top surface of the spin transport 
channel is increased by two 6 nm thick highly doped n+(+)-GaAs layers, having a doping level of 
7·1018 and 1.5·1019 cm-3. A layer of 1.5 nm insulating AlOx is then grown, on top of which two 250 nm 
wide 5 nm thick CoFe ferromagnetic electrodes are grown, spaced 500 nm apart. One electrode is used 
for electrical spin injection, while the other detects the spin. To allow this, the AlOx layer is used as a 
tunnel barrier. 

 
Figure 3.2: Cross-section of IMEC design for the all-electrical spin injection and detection device. 

To the left and right of the electrodes, out of view in figure 3.2, ohmic contacts are grown on the chan-
nel. These contacts allow an electron current directly into or out of the conduction band of the channel. 
They make testing of a single tunnel barrier possible or can create a well defined current in the trans-
port channel. In figure 3.3, a microscopic top view of the device is shown, showing the ferromagnetic 
electrodes, the ohmic contacts and the spin transport channel. The electrodes have their easy axis in 
the long (y-)direction. 

  
Figure 3.3: Microscopic picture of the lateral layout of the all-electrical spin injection and detection device. 

Spin transport channel 
The carrier concentrations and electric fields in the heterostructure as a function of depth are of great 
importance when engineering an all-electrical spin injection and detection device. The spin transport 
channel should be designed such that carrier concentration is optimal for a long spin lifetime. Mean-
while, spin injection and detection with the tunnel barriers must be effective and the path length be-
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tween the two electrodes must be chosen sufficiently small such that spin polarisation is not lost when 
electrons are transported from one to the other. One crucial parameter is the thickness of the highly 
doped top layers, to which the carrier concentration is extremely sensitive as will be shown below. 
They are needed to compensate for Fermi level pinning, a phenomenon in which the surface states of a 
semiconductor deviate from the periodic Bloch potential. The Fermi level of the n-GaAs semiconduc-
tor is pinned halfway the conduction and the valance band, creating a carrier depletion region where 
electrons have diffused to deeper layers. 

The devices are constructed by first depositing the complete (Al)GaAs heterostructure including 
the highly doped top layers on the intrinsic GaAs substrate. Aluminium is then added and oxidised, 
after which the CoFe contacts are deposited. Finally, the AlOx covered GaAs surface between the con-
tacts is etched away, the duration controlling the final thickness of these top layers. Because an exact 
relation between etching time and layer thicknesses is hard to give, there remains some uncertainty in 
the carrier concentration near the top of the transport channel. 

3.3 Band diagram calculation 
The band diagram has been calculated for room temperature using dedicated simulation software 

(SimWindows). This has been done for various top layer thicknesses in order to make their influence 
visible. In figure 3.4, the results for these simulations are shown. The conduction and valance band are 
given together with conduction electron concentrations as a function of z in the sample. Here, z = 0 is 
defined as the top of the 200 nm spin transport channel. The n+(+) top layers lie at z < 0 while the Al-
GaAs buffer is situated at 200 < z < 400 nm. This is indicated in the figure. Each line represents differ-
ent top layer thicknesses, line 1 denoting no n+(+) layers at all, 2 with only the first layer of 7·1018 cm-

3 and lines 3 to 6 represent a growing second layer of 1.5·1019 cm-3. 
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Figure 3.4: Conduction band electron concentration (left) and band diagram (right) near the transport channel at 
room temperature as a function of z for the all-electrical spin injection and detection device. Lines 1 to 6 repre-
sent growing n+(+) layers from none to 6 nm of 7·1018 cm-3 and 6 nm of 1.5·1019 cm-3. 
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In the figure, several features can be seen. At the n-GaAs/AlGaAs interface, a peak in carriers is 
caused by the δ-doping layer in the AlGaAs at z = 210 nm. The δ-doping layer pulls the electrons to 
the n-GaAs/AlGaAs. As a result, the conduction band electron density peaks at 2·1017 cm-3 between 
190 < z < 200 nm. At the other end of the channel near z = 0, the great influence of varying the top 
layer thicknesses can clearly be seen. While they are needed to compensate for a carrier depletion in 
the channel, a thicker layer with doping of 1.5·1019 cm-3 gives carrier concentrations far exceeding 1017 
cm-3. 

From these results can be concluded that etching for a time too short or too long can result in an 
unfavourable carrier distribution. When the top layer exceeds 3 nm, the spin lifetime will be reduced 
several orders of magnitude by the electron concentration exceeding 1017 cm-3. On the other hand, 
when having less than 1.5 nm of the n++ layer, the in-plane total carrier concentration in the device is 
reduced significantly. The electrical resistance of the device will be higher and transport of spin polar-
ised electrons from one electrode to the other will be more difficult. 

The strong non-homogeneity of the band diagram is a consequence of the small thickness of the 
transport layer of 200 nm. While it minimises the spin transport distance, the physical processes inside 
are more difficult to predict. Spin relaxation is strongly related to electron density and electron energy. 
Additionally, later on in this thesis it will be shown that the non-homogeneity complicates optical 
studies of the device. 

Note that the simulations have been performed at room temperature, due to limitations in the simu-
lation software. Later on situations at low temperature are discussed. The general features of the band 
diagram and the carrier concentration at a temperature of 5 K is not expected to differ much though. 
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4 TiMMS 

A technique to explore spin dynamics with a very high temporal resolution is TiMMS (Time-resolved 
Magnetization Modulation Spectroscopy). Using laser pulses spin is first optically injected and then 
detected by a part of the same pulse, delayed 0 - 2000 ps. This technique is described here and applied 
for the spin transport channel of the all-electrical spin injection and detection device of the previous 
chapter. 

4.1 TiMMS Setup 
TiMMS uses very short laser pulses to optically inject and detect spin polarised electrons in a sample. 
Each laser pulse is split into a pump and a probe. While the pump pulse generates a local spin polarisa-
tion, the probe pulse is delayed before detecting them. The spin polarised electrons in the sample can 
be monitored over up to 2 ns with a temporal resolution of 120 fs. The complete setup used for this 
measurement technique is drawn in figure 4.1, its components are explained below. 

 
Figure 4.1: Drawing of the TiMMS setup. A laser generates pulses, which are split into a pump and a probe. The 
pump generates spin-polarised electrons at the sample where they are detected with the probe. An analyzer gives 
signal to the detector. The signal is modulated by a PEM and a chopper and amplified with two lock-in amplifi-
ers. 

The laser pulses are generated with a Ti:sapphire laser at a repetition rate of 80 MHz. The wavelength 
of the laser is tuneable, as well as the pulse length. Compared to continuous lasers, the wavelength is 
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not well defined. As a consequence of Fourier transformation, the full-width-half-maximum (FWHM) 
of the laser energy bandwidth Δωp and the FWHM of the pulse duration τp are coupled by[21]: 

2p p BCω τ πΔ ≥  (4.1) 

where CB is a constant dependent on the pulse shape. For a Gaussian pulse, CB = 0.44. A typical pulse 
duration of 120 fs thus results in a bandwidth of 8 nm at a laser wavelength of 800 nm. 

A beam splitter divides each laser pulse into a pump and a probe, following different paths in the 
TiMMS setup. The pump, polarised at 90o, first passes through a Photo Elastic Modulator (PEM). The 
PEM consists of a crystal having two optical axes of which one has a tuneable refractive index, con-
trolled by an externally applied alternating electric field. Placed under an angle of 45o, it modulates the 
light between left and right circularly polarised at a frequency fPEM. The benefit of this modulation is 
explained below. Note that the frequency will be much lower than the repetition rate of the laser, thus 
for each pump pulse the PEM appears to be static.  

The probe pulse is delayed relative to the pump using a delay line consisting of a beam reflector 
moveable on rails. It can change the path length of the probe and thus controls the difference in time of 
arrival between pump and probe at the sample location via the speed of light. The beam reflector is 
moveable over 30 cm corresponding to a time shift of Δt = 2 ns. 

Pump and probe are focused on the sample using a microscopic objective as shown in figure 4.2. 
As long as both beams are parallel to each other, they will create overlapping spots on the sample sur-
face. The beams are reflected here and exit the objective, again as parallel bundles. While the pump 
beam is blocked, the probe continues its way to an optical detector. 

 
Figure 4.2: Schematic illustration of the paths of pump and probe near the sample. They pass parallel through an 
objective, being focussed on the sample. The reflection of the pump is blocked. 

The size of the pump and probe spot on the sample is determined by the numerical aperture of the mi-
croscope objective and the part of the aperture that is covered by the laser beam. The wider the laser 
beam is when entering the objective, the smaller the spot that it creates. The pump spot created with 
the setup of figure 4.2 will thus be larger than the probe spot. 

An analyser consisting of a quarter wave plate and a polariser that are placed in front of the detec-
tor allows detection of either rotation or ellipticity in the reflected probe beam. Therefore, the modula-
tion by the PEM and a lock-in amplifier are used. This will be explained below using Jones vector rep-
resentation. 
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Because some scattering of the pump beam will always be present in the detector signal, the probe 
is modulated with a chopper blocking the light at a frequency fchop << fPEM. This allows distinguishing 
signal originating in the probe and pump with a second lock-in amplifier.  

In our TiMMS setup, the sample is positioned on a cold finger in a liquid helium cooled cryostat, 
allowing performing measurements at low temperatures. Furthermore, an electromagnet can apply a 
magnetic field in the sample. This field can be used to magnetise the ferromagnetic electrodes of our 
sample or to let spin polarised electrons exhibit Larmor precession. 

Jones vector representation 
The modulation between left and right circularly polarised light of the PEM causes the spin polarisa-
tion in the sample to be modulated between up and down. The linearly polarised probe is affected by 
this spin, rotating its reflection via the magneto-optic Kerr effect as defined by equation (2.14) or 
(2.27). For small rotation θ' and ellipticity θ'', the reflected probe beam can be represented as the fol-
lowing Jones vector containing the same modulation frequency: 

( ) ( )0
PEM

1
i cosprobe E

f tθ θ
⎛ ⎞

= ⎜ ⎟′ ′′+⎝ ⎠
P  (4.2) 

where E0 is the amplitude of the electromagnetic field. The magnitude of θ' and θ'' will depend on the 
spin polarisation that is still present in the sample after a delay time Δt relative to the pump pulse. 

The analyser can be set in two modes by turning the polariser to an angle of either 90o or 45o rela-
tive to the probe polarisation, while the quarter-wave plate is set at a fixed angle of 45o. This can be 
represented with the following Jones matrices: 

ell 45 45

1 1 1 -i 1 11 1 i 1
1 1 -i 1 1 12 2 2

⎡ ⎤ ⎡ ⎤ ⎡ ⎤+
= ⋅ = ⋅ =⎢ ⎥ ⎢ ⎥ ⎢ ⎥

⎣ ⎦ ⎣ ⎦ ⎣ ⎦
A P Q  (4.3) 
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0 0 1 -i 0 01 i 1 i
0 1 -i 1 i 12 2

⎡ ⎤ ⎡ ⎤ ⎡ ⎤+ +
= ⋅ = ⋅ =⎢ ⎥ ⎢ ⎥ ⎢ ⎥−⎣ ⎦ ⎣ ⎦ ⎣ ⎦

A P Q  (4.4) 

where Aell (Arot) represents the Jones matrix of the analyser in ellipticity (rotation) mode, P45 (P90) the 
polariser at 45o (90o) and Q45 the quarter-wave plate at 45o. 

Multiplying the analyser matrix with the probe vector will result in a Jones vector representing the 
light entering the optical detector. The detector measures the intensity of this light. For the two modes 
of the analyser, in first order approximation the intensity I is either 

( )2
rot 0

1 'cos
2 PEMI E f tθ⎛ ⎞= +⎜ ⎟

⎝ ⎠
  (4.5) 

for the rotation mode or 

( )2
ell 0

1 ''cos
2 PEMI E f tθ⎛ ⎞= −⎜ ⎟

⎝ ⎠
 (4.6) 

for the ellipticity mode. The lock-in amplifier set at the modulation frequency fPEM can thus either 
measure rotation or ellipticity in the probe signal. 
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Pump and probe wavelength 
As mentioned in chapter 2, both optical spin injection and optical spin detection depend on the photon 
energy used. In semiconductors, the pump photons must have an energy slightly higher than the band 
gap to be able to excite electrons. 

For the probe, the wavelength for which spin will be detected most effectively depends on the en-
ergy distribution of the spin polarised conduction electrons. For the low temperatures at which 
TiMMS experiments in this thesis have been performed, the thermal energy kBT is very small 
(0.43 meV at 5 K). The energy margin at which the occupied density of states differs for spin up and 
spin down electrons will be of this order of magnitude. However, the spectral bandwidth of the probe 
pulse is much larger (typically 15 meV). The behaviour of Q will therefore be described by the convo-
lution of the laser spectrum and a narrow Kramers-Krönig related resonance peak, as in figure 2.5. The 
resonance frequency lies at the semiconductor band gap. 

Using two synchronised pulsing Ti:sapphire lasers, it is possible to pump and probe with different 
wavelengths. Electrons can then be detected with an energy other than they are excited. This allows 
for experiments where the response can be measured as a function of wavelength, without changing 
the pump energy, or vice versa. Another advantage of using two colours is that the pump signal can be 
efficiently blocked using a notch filter, improving the signal to noise ratio at the detector. Conse-
quently, the pump and probe may overlap each other when entering the microscopic objective, allow-
ing using its full aperture, as shown in figure 4.3. Therefore, the spatial resolution that can be obtained 
with two colours is improved compared to what can be realised using one colour. On the other hand, 
the temporal resolution will be limited by the stability of the laser repetition rate and the electronics 
responsible for synchronising the two lasers. 

 
Figure 4.3: : Schematic illustration of the configuration of pump and probe paths using two beam splitters and a 
notch filter. 

4.2 Spin lifetime 
Using the setup described in the previous section with the single colour pump-probe configuration as 
in figure 4.2, timescans have been made of a spin package that is injected in the spin transport channel 
of the device shown in figure 3.2. Therefore, the pump-probe delay time Δt is varied between -2 and 
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1900 ps while measuring the spin signal. Results of a measurement without a magnetic field and one 
with an in-plane magnetic field of 2860 Gauss are shown in the left of figure 4.4. 

-2 0 2 4 250 500 750 1000 1250 1500 1750

0

1

θ' 
(a

.u
.)

Δt (ps)

 B = 0
 B = 2860 Gauss
 Negative data for

B = 0 (reference)

-2 0 2 4 250 500 750 1000 1250 1500 1750

0.1

1

θ' 
(a

.u
.)

Δt (ps)

 Data
 Fourth order exponential fit

-2 -1 0
0.000

0.005

0.010

 

 

Δt (ps)

θ' 
(a

.u
.)

 
Figure 4.4: Timescans of a spin package injected at Δt = 0 in the spin transport channel with and without mag-
netic field (left). A fourth order exponential decay fit is needed to match the data (right). 

During these measurements, the sample was cooled to a temperature of 5 K and the wavelength of the 
pump and probe was 810 ± 10 nm. The pump and probe were focussed to a spot with a diameter of 
5 μm. Time-averaged pump and probe intensity were respectively 1.0 mW and 0.5 mW. 

As can be seen from this figure, the spin signal increases suddenly at Δt = 0, where the pump and 
probe pulses arrive at the sample simultaneously. For increasing delay time, the signal decreases. To 
adequately fit the data without magnetic field, it has been empirically determined that a summation of 
four exponential decay functions ( )i iexp /a t τ−Δ  is needed. Each function has its own amplitude ai 

and time constant τi. In the right part of figure 4.4, the fitted function is shown on top of the data in a 
semi-logarithmical plot. The parameters for this function are shown in table 4.1, together with the off-
set determined with the data at negative delay time, shown in the inset of the mentioned plot. 

Table 4.1: Exponential function needed to fit the data in figure 4.4. 

Exponential a (a.u.) τ (ps) 
1 0.809  ± 0.005 0.526 ± 0.005 
2 0.197  ± 0.004 19.6  ± 0.7 
3 0.162  ± 0.004 126  ± 5 
4 0.116  ± 0.002 1133 ± 19 
offset 0.005 

 
An estimation can be made for the exciton density in the spin transport layer for these measurements. 
Therefore, the photon energy of 1.53 eV and the pulse repetition rate of 80 MHz are used to calculate 
the amount of photons in each laser pulse. For the pump intensity of 1.0 mW, each pulse contains 
5.1·107 photons. Dividing these photons over a circular spot with radius 2.5 μm, a photon density of 
2.6·1014 cm-2 per pulse enters the sample from the top. For calculating the exciton density, we have to 
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determine how many of these photons get absorbed in the spin transport channel. Using the Fresnel 
equation for external reflectance R: 

21
1

nR
n

−⎛ ⎞= ⎜ ⎟+⎝ ⎠
 

with n the refractive index of GaAs, the transmittance T = 1 - R can be determined. For GaAs at a tem-
perature of 5 K, n = 3.60[11] and thus R = 0.32. Consequently, 1.8·1014 photons cm-2 pass through the 
top layer. Of those photons, 2.9·1013 are absorbed in the 200 nm spin transport channel using the ab-
sorption coefficient of GaAs of 9·103 cm-1 [11] for the pump wavelength. Each absorbed photon results 
in an exciton, thus at the moment of spin injection, the exciton density is 1.5·1018 cm-3 which is large 
compared to the doping density of 5·1016 cm-3. 

For the four exponential decay time constants, τ1 is considered to be the hole relaxation time be-
cause has the order of magnitude of hole spin relaxation times reported in literature[8]. Then τ4 must be 
the electron spin relaxation time, as no spin signal can remain after electron spin is relaxed.  

The time constants τ2 and τ3 cannot be interpreted as easily as the other two. Probably they are 
partly induced by recombination, because the excitation density is high enough to decrease the spin 
density by asymmetrical recombination of spin up and spin down electrons (see section 2.2). Another 
process responsible for the decay at these timescales could be spin diffusion, causing the spin polar-
ised electrons flowing out of the probe spot. Furthermore, because of the high excitation density, elec-
trons in the conduction band will be at a higher energy and thus have a higher k-value. The D'Yako-
nov-Perel spin relaxation mechanism is related to the electron momentum and can increase with high 
excitation density. Therefore, the spin relaxation rate is expected to be high at first and decrease in 
time, reaching its final value when the electrons have recombined with the available holes. 

For the data retrieved with magnetic field, the spin can be seen precessing with a periodicity of 
520 ps. The spin precesses over the full 180o as can be seen by the minima falling over the negative 
data with no field, which is added for reference to figure 4.4. Using the value of the magnetic field, the 
precession frequency and equation (2.10), the gyromagnetic ratio of the electrons in the spin transport 
channel is thus determined to a value of 6.7·109 T-1s-1. 
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5 Origin of Kerr reflection 

In this chapter, the origin of the Kerr rotation and ellipticity will be investigated more thoroughly for 
the spin transport channel of the all-electrical spin injection and detection device shown in figure 3.2. 
First, TiMMS timescans are generated with different probe energies. As will be shown, the Kerr effect 
is influenced significantly by the probe wavelength. Therefore, numerical simulations have been car-
ried out to be able to define the Kerr effect as a function of probe wavelength and the magneto-optical 
constant Q. Using an approximation of Q shows similarities between the measured and simulated Kerr 
effects as function of probe wavelength. 

5.1 Kerr effect as a function of probe energy 
To be able to understand the spin relaxation processes and the interaction of spin with the probe laser 
beam, an experiment has been set up to investigate the dependence of the Kerr effect on the probe en-
ergy. Therefore, two-colour TiMMS experiments have been carried out, using the pump-probe con-
figuration shown in figure 4.3. While the pump wavelength is fixed at 780 nm, timescans have been 
made for several probe wavelengths. Both Kerr rotation and ellipticity have been measured as a func-
tion of delay time. 

Pump and probe pulses are created by two synchronised Ti:sapphire lasers. The pump laser is set 
at a wavelength of 780 ± 8 nm and a time-averaged intensity of 250 μW, considering a minimum in 
exciton density and sufficient signal for performing measurements. A notch filter that blocks light be-
tween 760 and 780 nm with an efficiency of 105 is used to block the pump beam from the reflection at 
the sample, while the probe beam is let through. One drawback is that no probe beam with a wave-
length between 760 and 780 nm can be used. The spot at the sample has a diameter of 2.5 μm. The 
analyser in front of the detector is set to measure either rotation or ellipticity, while the wavelength of 
the probe beam is set to several values. After each wavelength adjustment, the time averaged intensity 
of the probe is set to 1.2 mW, so that sufficient signal is being measured. 

The results for the TiMMS timescans are shown in figure 5.1, with separate graphs for rotation and 
ellipticity. Note the absence of the first peak between 0 and 2 ps, which is present in the one-colour 
measurement in section 4.2. This can be dedicated to the lower temporal resolution of the two colour 
pump-probe technique. However, this is not a problem for the rest of the timescan. 
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Figure 5.1: Rotation θ' (left) and ellipticity θ'' (right) timescans for various probe wavelengths with a pump 
wavelength of 780 nm. 

In figure 5.2, the signal at several pump-probe delay times is given. This shows the wavelength de-
pendency of the Kerr effect in a glance. 
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Figure 5.2: Rotation θ' (left) and ellipticity θ'' (right) at several pump-probe delay times. 

Now, a sum of two exponential decays is needed to make an adequate fit of the data: 

( ) ( )1 1 2 2exp / exp /a t a tθ τ τ= −Δ + −Δ  (5.1) 

with amplitudes a1(2) and time constants τ1(2). The fitting parameters are presented in figure 5.3, while 
in figure 5.4 the quality of some fits can be compared to the raw data. 

As already mentioned in section 4.2, the longest time constant of the two is considered to corre-
spond to the electron spin relaxation time. The shorter one could be a combination of the effects of 
recombination, diffusion and an enhanced spin relaxation rate. This constant ranges from 20 to 150 ps, 
while a spin relaxation time of 150 up to 3000 ps has been observed. The amplitudes for the two de-
cays are dependent on wavelength as well. in order to show their quality.  
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Figure 5.3: Time constants and signal amplitudes for ellipticity and rotation signal from double exponential fits 
of TiMMS timescans. The shaded area indicates the notch filter range. 
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Figure 5.4: Combined plots of the double exponential fits compared to their data for rotation θ' and ellipticity θ'' 
for a probe wavelength of 820 nm and 837 nm. 

Because during experiments nothing is changed for the pump beam, the spin dynamics in the sample 
should be identical for every measurement. Nonetheless, the results show strong variations in ampli-
tude as well as decay times. Therefore, numerical simulations have been done to make clear exactly 
what parameters influence the Kerr effect. 

5.2 Calculation of Kerr effect 
A model has been set up to calculate the Kerr response for the spin channel of the all-electrical spin 
injection and detection device. This model couples a z-dependent complex magneto-optical constant Q 
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to the rotation θ' and ellipticity θ'' in the reflection of linearly polarised light, incident perpendicular to 
the surface. Therefore, the following relation is constructed: 

( ) ( )
0

' i '' f z Q z dzλθ θ
∞

+ = ∫  (5.2) 

using a complex relational function fλ(z) that is calculated numerically (results are shown in fig-

ure 5.6). This relation is demonstrated to be valid for sufficiently small Q: 0.01Q ≤ . 

For the computation of fλ(z) the multilayer matrices introduced in section 2.4 are used. The func-
tion is only determined for the GaAs layers in the base heterostructure of the all-electrical spin injec-
tion device: 200 nm n-GaAs on 200 nm Al0.3Ga0.7As on 0.5 mm i-GaAs. First, each GaAs layer is di-
vided into thinner layers (see figure 5.5). The medium boundary matrices and medium propagation 
matrices are calculated, using a random value for Q in each layer. Then the Kerr effect is determined, 
while varying Q for a specific layer at depth z. The proportionality of the difference in the Kerr effect 
to the variation of Q in that layer is the value of fλ(z). The result is empirically determined to be inde-
pendent on the Q-values of the other layers while testing a specific layer, as long as the condition 
|Q| ≤ 0.01 is fulfilled. 

 
Figure 5.5: Arrangement of layers with which fλ(z) is determined. 

The function fλ(z) is determined up to 700 nm into the substrate, for probe wavelengths of 700 nm to 
850 nm and perpendicular incidence of probe light. The direction of Q is in the z-direction as well. 
Literature values have been used for the refractive index n for GaAs[11] and AlGaAs[22] at a tempera-
ture of 300 K, corrected with the temperature coefficient in [11] to values for 5 K. The absorption co-
efficient for GaAs fluctuates strongly around the band gap. This is accounted for, using values from 
[23] for intrinsic GaAs to describe both the transport channel and the substrate. The deviation caused 
by the n-doping of 5·1016 cm-3 is supposed to be negligible. 
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Only for the spin transport channel and the substrate has fλ(z) been determined, because optical in-
jection into Al0.3Ga0.7As with its higher band gap is not possible with a pump wavelength of 780 nm. 
The results for both the real and the imaginary part of fλ(z) are plotted for a selection of wavelengths in 
figure 5.6. 
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Figure 5.6: Dependence of the Kerr rotation on the magneto-optical constant via the real (a) and imaginary (b) 
part of f(z) for selected wavelengths. 

The three parts of the sample can be recognised by the transitions at 200 and 400 nm. Some properties 
of the relational function are easily understood. The periodic behaviour, with the real and imaginary 
parts shifted in phase 90 degrees, originates in the wave-like nature of light. The periods have a size 
half the wavelength of the probe laser pulses inside the material: 2nλ . This is because the electro-
magnetic wave on which Q produces an effect has to travel forth and back from the surface of the 
sample, advancing its phase with ( )exp i nz λ . Furthermore, exponential damping by absorption can 

be seen, being dependent on the photon energy via the absorption coefficient. However, the added 
value of the matrix method used to determine the relational function is clearly visible when plotting 

the absolute value ( )f zλ  as in figure 5.7. The ripples seen in the spin transport channel are attributed 

to reflections at the GaAs / AlGaAs interface.  
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Figure 5.7: Absolute value of fλ for selected wavelengths. 

The situation investigated here deviates from more common situations where the Kerr effect is deter-
mined for layers thin or thick compared to the optical path length. Following the relation (5.2), the fi-
nal Kerr effect is found by integrating the relational function multiplied with Q(z). The positive and 
negative contributions of fλ(z) in the spin transport channel add up to a value very sensitive to the cho-
sen wavelength. 

In situations where the investigated layer is much thinner than the probing wavelength, the contri-
bution of fλ(z) would be purely positive. This is also the case when the optical path length is shorter 
than the wavelength. On the other hand, in situations where the layer is much thicker than the path 
length, each negative contribution is smaller than its preceding positive contribution, resulting in a 
wavelength-insensitive result as well. 

5.3 Magneto-optical constant Q 
To apply the function calculated in the previous section, the magneto-optical constant Q(z) must be 
determined throughout the sample. First, the Kerr effect will be determined for a homogeneous Q in 
the spin transport channel and Q = 0 for z > 200 nm. For this situation, equation (5.2) can be rewritten 
as: 

( )
0

' i ''
d

Q f z dz QFλ λθ θ+ = =∫  (5.3) 

with Fλ the integral of fλ over the spin transport channel, 0 < z < 200 nm. The real and imaginary parts 
of Fλ are shown in figure 5.8 as a function of wavelength. 
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Figure 5.8: Real and imaginary parts of Fλ as a function of wavelength. 

The next step is to estimate Q as a function of wavelength. As mentioned in section 2.4, it will show a 
Kramers-Krönig relation between the imaginary and real part. In section 4.1 is explained that the 
probe pulse bandwidth can be used to determine the width of the resonance peak. Therefore, the shape 
shown in figure 5.9 has been used to simulate the Kerr effect for a probe bandwidth of 8 nm. 
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Figure 5.9: The imaginary and real parts of Q as a function of wavelength, related via Kramers-Krönig. 

The Kerr rotation θ' and ellipticity θ'' can now be calculated using equation (5.3): 

( ) ( ) ( ) ( )' F Q F Qλ λθ = ℜ ℜ − ℑ ℑ  and (5.4) 

( ) ( ) ( ) ( )'' F Q F Qλ λθ = ℜ ℑ + ℑ ℜ . (5.5) 

The results are shown in figure 5.10. 
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Figure 5.10: The imaginary and real parts of Q as a function of wavelength, related via Kramers-Krönig. 

The calculation is compared with the amplitudes a2 of rotation and ellipticity retrieved from the two-
colour TiMMS timescans, presented before as open triangles and circles in figure 5.3. These represent 
the spin density of the conduction electrons past recombination. 

Clearly there is a correspondence between the simulations and the measurements. Comparing the 
values for rotation, the spin signal shows a gradual increase from 700 to 750 nm, then peaking down at 
820 nm and suddenly changing sign to a positive maximum between 830 and 840 nm. As for elliptic-
ity, the gradual growth from 700 up to 800 nm is comparable, although the sudden sign change in the 
simulation result at 815 nm cannot be seen in the measurements. 

A refinement of the wavelength dependency of Q might further improve the correlation between 
measurement and simulation, taking into account the inhomogeneous distribution of carriers in the 
transport channel. When the carrier density increases, the density of states will be filled up to a higher 
energy, causing the resonance peak of the imaginary part of Q to shift to higher energies. Furthermore, 
the contribution of spin polarisation to the magneto-optical constant will be increased by the higher 
conduction band electron density. The alternating positive and negative effects in fλ(z) should thus be 
weighted by carrier concentrations as shown in figure 3.4.  

However, the origin of the time constant variations in the two-colour TiMMS timescans are not 
explained by the simulations. These can be attributed to non-linear effects, the magneto-optical con-
stant not being linearly proportional to the spin polarisation. Another possibility is that spin injected in 
the substrate plays a role and that the measurements are a mix of the spin transport layer and the in-
trinsic substrate. If the electron spin relaxation in the substrate has a time constant comparable to that 
in the top layer, it would be difficult to distinguish between the two. 

5.4 Conclusions 
In this chapter, simulations give insight in the construction of the magneto-optic Kerr effect in a non-
trivial sample. It shows that the choice for the wavelength when probing a sample is important, and the 
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simulations can help making the decision. The results for the calculations agree with the measure-
ments to a certain extent. After a refinement of some parameters, this method could be a powerful way 
to be able to retrieve spin information from specific depths in non-homogeneous samples. Further 
measurements with samples specially prepared for this goal can help with refining. For example a 
wedge of 0 to 1000 nm GaAs on AlGaAs might confirm the periodicity of fλ(z), while a more homo-
geneous electron distribution can eliminate some uncertainties in Q and Fλ could be directly measured. 
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6 Spin transport 

As described in chapter 3, the all-electrical spin injection and detection device is based on its long spin 
lifetime and spin injection and detection by tunnel barriers. Other spin-related parameters that need to 
be controlled when engineering the device are the spin diffusion and spin mobility constants in the 
spin transport channel. After spin is injected, it is subject to these parameters while being transported 
from one electrode to the other. Therefore, spin diffusion and drift are measured optically in this chap-
ter. They are determined by monitoring a spin package, both temporally and spatially, after it is in-
jected optically. While diffusion dilutes the package spatially, an electric field cause it to be displaced. 
Measurements are done using TiMMS timescans with the probe spot moving independently from the 
pump spot. The results are compared with calculations and numerical simulations. 

6.1 Spin diffusion 
When spin is injected in the channel optically, it will be subject to the spin dynamics described in sec-
tion 2.3. In this section, the effects of spin diffusion and spin relaxation are accounted for, resulting in 
the following differential equation for the spin density n n↑ ↓− : 

( ) ( ) ( )2
s

s

n n
n n D n n

t τ
↑ ↓

↑ ↓ ↑ ↓

−∂
− = ∇ − −

∂
 (6.1) 

where Ds is the spin diffusion constant and τs the spin relaxation constant. The separate elements have 
already been discussed in chapter 2. In the experiments, the spatial laser intensity profile is Gaussian, 
resulting in a spin density spot that is Gaussian as well directly after optical injection. Therefore, the 
spot at delay time Δt = 0 is described as: 

( )( )
2

0
0 2, 0 expn n t A

w↑ ↓

⎛ ⎞−
− = = ⎜ − ⎟

⎜ ⎟
⎝ ⎠

x x
x  (6.2) 

with x0 the location of the spot's centre, A0 the amplitude and w the width of the spot. For this initial 
value problem the differential equation (6.1) can be solved easily. The result can be written as: 

( )( ) ( )
( ) ( )

2
0
2, expN

A t
n n x t

w t w t↑ ↓

⎛ ⎞−
− = ⎜ − ⎟

⎜ ⎟
⎝ ⎠

x x
 (6.3) 

where the amplitude A and width w are now functions of time. The power N is the dimension of the 
spot. In the case of optical spin injection where diffusion in the z-direction is ignored, the dimension 
will be N = 2.  
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The amplitude and width are described with the following functions of time: 

( ) 0 exp
s

tA t A
τ

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
 (6.4) 

( ) ( )04 sw t D t t= +  (6.5) 

where t0 defines the width of the spot at t = 0. This result is visualised in figure 6.1 for N = 1 and di-
mensionless parameters Ds = 1, τ = 1 and w(t = 0) = 1. 
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Figure 6.1: Gaussian profile subject to diffusion and relaxation. 

The influence of diffusion can be seen by the increase of spin density at x = 2, while the area under the 
curve decreases by relaxation. When such a profile is measured for an optically injected spin package, 
the spin diffusion constant can thus be retrieved by determining the width of the Gaussian spin density 
profile as a function of time. Using equation(6.5), the spin diffusion constant is then defined as 

21
4sD w

t
∂

=
∂

. (6.6) 

Probing the spin package spatially is done by independently moving the probe spot on the sample from 
the pump spot by changing the angle at which the probe spot enters the objective in front of the sam-
ple, separating them with a distance Δx (see figure 6.2). The probe beam width, passing the centre of 
the objective, is chosen to be wider than the pump probe beam, entering the objective at the side. 
Therefore, the probe spot on the sample will be smaller than that of the pump. The pump spot will be 
elliptical because of asymmetrical refraction by the objective. 

For the diffusion measurements that follow here for the spin transport channel, pump and probe 
with different colours are used, i.e. they have a wavelength of respectively 785 ± 8 nm and 807 ± 8. 
The probe, with a time averaged intensity of 0.60 mW, is focused to a spot of 3 μm diameter, while 
the pump with a time averaged intensity of 0.22 mW creates spin package with a diameter of 8 μm. 
The sample is cooled to a temperature of 5 K.  
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Figure 6.2: Schematic illustration of the movement of the probe spot on the sample by changing the angle at 
which the probe beam enters the objective. On the right, a top view of the sample is shown with the spot separa-
tion Δx. 

To get a spin profile as a function of time, TiMMS timescans have been obtained using the rotation of 
the probe reflection with different pump-probe spot distances Δx. The resulting scans are combined to 
time-resolved spatial spin density profiles, one constructed for each delay time. Two timescans at dif-
ferent pump-probe distances Δx = 9.0 μm and Δx = -4.2μm obviously show the effect of diffusion in 
the left plot of figure 6.3. While the former is gradually increasing, the latter rapidly decreases. In the 
right plot of figure 6.3, spin density profiles are showed for a selection of delay times. The pump-
probe separation for which the timescans are shown is indicated by the two vertical lines Note that this 
profile is actually the convolution of two profiles, that of the spin and that of the probe. 
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Figure 6.3: Timescans at two different pump-probe separations Δx (left) and spin profiles at a selection of delay 
times (right). 

A broadening can be seen in the spin density profiles by a decrease of intensity in the centre while at 
the edge the intensity increases slightly. To determine the spin diffusion constant Ds from these meas-
urements, for each delay time a Gaussian has been fitted. The square width w2 of the profiles is then 
plotted as a function of time in figure 6.4, its slope determining the diffusion via (6.6). Two regions 
have been indicated with a linear fit. Because the convolution of two Gaussians with width w1(2) results 
in a combined width w2 = w1

2 + w2
2, the width of the probe spot acts purely as an offset, not influenc-

ing the actual slope of the curve. In the figure, the 95% confidence margins of the fits are plotted as 
well. 
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Figure 6.4: Width w2 of a Gaussian spin package as a function of time. The solid line is the best fit, while the 
dashed lines are the 95% confidence margins. 

The slope is not constant, indicating that the diffusion constant changes in time. In the first 250 ps it is 
remarkably higher at 256 cm2s-1 than in the second part after 500 ps, where it's only 39 cm2s-1. 

To retrieve additional information on the size of the spin package at a longer timescale, a scan at a 
negative delay time has been done, where the remainder of the previous pump pulse can be seen, 
12.5 ns earlier at a pump frequency of 80 MHz. Because the signal at this delay time is very weak 
compared to the noise and to suppress a possible offset in the signal, a magnetic field sweep has been 
done for each pump-probe separation Δx. An in-plane magnetic field has been used to let the spin pre-
cess. The Larmor frequency at which the spin rotates from up to down and back is proportional to the 
magnetic field. When probing at a fixed delay time, the amplitude will show oscillations. This is 
shown in figure 6.5 at a delay time of -100 ps, corresponding to 12.4 ns relative to the preceding pump 
pulse. A cosine is fitted through the data, for which the amplitude determines the spin density. 



6 Spin transport 

- 41 - 

0 100 200 300 400 500 600 700 800

-0.10

-0.05

0.00

0.05

0.10

0.15

θ''
 (a

.u
.)

B (Gauss)

 Data
 Fit y = y0 + Acos(2πωLB)

 

Figure 6.5: Oscillations by Larmor precession in a field sweep at a negative delay time of Δt = -100 ps. 

In figure 6.6, the amplitudes of the field sweeps at different pump-probe distances Δx are combined to 
a profile at 12.4 ns. Fitting the data points yields a square width of w2 = 300 μm. When adding this 
value as an imaginary point at Δt = 12400 ps in figure 6.4, the diffusion constant at the longer time-
scale is refined to a value of Ds = 45 ± 10 cm2s-1. 
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Figure 6.6: Amplitude of field sweeps at Δt = 12.4 ns with Gaussian fit. 

The transition in diffusion constant around 400 ps is remarkable. The time scale at which the higher 
diffusion rate takes place coincides roughly with the carrier lifetime in the sample. An explanation for 
this is sought in the non-linearity of spin dependent electron-hole recombination, visualised in figure 
6.7. The recombination rate is determined by the electron density multiplied with the hole density. 
Both electrons with spin up and spin down will recombine, but when the spin up carrier concentration 
is significantly larger than the spin down density, i.e. when the excitation density is of the order of 
magnitude of the equilibrium carrier concentration or larger, more spin up electrons than spin down 
electrons will recombine. Therefore, the spin density n n↑ ↓−  will decrease. This effect is largest at the 

centre of the spin package, while at the tail the difference in spin up and spin down density is so low 
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that the effect is negligible. The result is a spin package that seems to be broader after recombination 
compared to its initial width. In fact, its profile is not true Gaussian anymore. Fitting it anyway will 
result in a fit with increasing width. Excitation density plays an important role here, thus this effect is 
supposed to be larger when higher pump power is used.  

 
Figure 6.7: Influence of recombination on spin density. When in a neutral band (a) a spin package is optically 
injected (b), the spin up electrons at the peak in the conduction band recombine at a higher rate than the spin 
down electrons, resulting in a broader spin package (c). 

To explain the increased diffusion rate at delay time Δt < 250 ps in figure 6.4, this theoretical effect 
must play a significant role, exceeding the true diffusion process. Besides, in section 2.3 is mentioned 
that in the presence of holes the spin diffusion rate can be an order of magnitude lower than without 
holes, because of the lower hole diffusion constant and the Coulomb interaction between electrons and 
holes. Therefore, a simulation has been run to quantify this effect. 

The recombination of a spin package in the conduction band is simulated for an equilibrium elec-
tron density of 5·1016 cm-3. The exciton density used is 5·1017 cm-3. As initial condition, the injected 
spin up to spin down ratio is 3:1, following the optical selection rules as explained in section 2.2, 
while the holes are neutrally polarised due to the fast hole relaxation rate. The initial width is 5 μm and 
the carrier lifetime is set to 100 ps. Diffusion is switched off for the moment, so that the effect of pure 
recombination is retrieved. The following differential equation is used to calculate the recombination 
rate: 
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where p is the hole density, n0 the equilibrium electron density and τr the carrier lifetime. Because of 
the fast hole spin relaxation, no distinction is made between spin up and spin down holes. 

Figure 6.8 shows the result of the simulation. The spin up and spin down conduction band profiles 
are showed for a selection of times after optical injection on the left, while the accompanying spin 
density n n↑ ↓−  is displayed on the right. The resulting spin profiles become visibly flatter in the cen-

tre, resulting in a broader spin package although there is no real spin diffusion simulated. 
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Figure 6.8: Snapshots of the spin up and spin down electron density profiles subject to asymmetrical recombina-
tion at several time intervals after optical injection. 

The profiles are fitted with Gaussians to measure their width as a function of time. Results are 
shown in figure 6.9, together with 95% confidence boundaries and 2

t w∂
∂  to compare the effect to the 

measurements. 
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Figure 6.9: Simulation of influence of non-linear recombination on the width of a spin package. The solid line 
surrounded by the dashed 95% confidence bounds shows the width of the package, while the dot-dashed line 
shows the derivative. 
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These results show that for a reliable determination of spin diffusion with the optical means described 
here, one should focus at the diffusion constant after electrons and holes have recombined. Before, the 
spin dynamics are believed to be mainly dominated by recombination, while diffusion of spin polar-
ised electrons is hindered by the presence of slower holes. Moreover, when injecting electrically in-
stead of optically, holes are not present. The value of Ds = 45 ± 10 cm2s-1 at a temperature of 5 K can 
thus be used as the spin diffusion constant for the spin transport channel. By comparison, the electron 
diffusion constant for GaAs is reported to be up to 200 cm2s-1 [11]. 

6.2 Spin drift 
Another important process for the all-electrical spin injection and detection device is spin drift in an 
electrical field. To investigate the behaviour of a spin package in the spin transport channel when a 
voltage is applied, experiments similar to the above spin diffusion measurements have been carried 
out. An in-plane electron current is created using two ohmic contacts, while spin is injected optically. 
The situation is shown in figure 6.10, indicating the location at which drift is being measured. To en-
sure there is no optical interaction with the structures grown on the channel, a location outside the ac-
tive channel is chosen in a symmetrical situation between two ohmic contacts. Note that in the figure, 
the square gold pads are isolated from the channel. The arrows show how electrons flow from one to 
the other electrode, creating a homogeneous current at pump location. An applied voltage of 5 V leads 
to a current of 5 mA at a temperature of 5 K. Single colour timescans are obtained at a wavelength of 
813 ± 7 nm. The pump intensity is set at 1.0 mW, the probe at 0.4 mW. 

 
Figure 6.10: Top view of the sample and the location where drift measurements have been carried out. The oh-
mic contacts are indicated with the bondings, while the pump and probe spots are shown on the right. The arrows 
are an indication for the current distribution. 

For a certain pump-probe distance Δx, two TiMMS timescans are made successively, one with and one 
without current. Then Δx is altered, repeating the two measurements et cetera, until the complete spin 
packages have been visualised. This way, the profiles with current and without current are measured 
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simultaneously, ensuring that any consistent difference is caused by the current. Like in the diffusion 
experiments, the spin profiles that are obtained are fitted with Gaussians as a function of time. The 
parameter of interest is now x0 though, the centre of the spin package. The difference Δx0 between the 
centres with field and without field is plotted in figure 6.11. 
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Figure 6.11: The movement of the centre of the spin package as a function of time by a current of 5 mA. 

Note that the inset in figure 6.11 shows a displacement of both spin packages. This emphasises the 
need to perform measurements for both situations, with and without field. The shift of x0 without field 
is devoted to optics. The delay line moves over 30 cm to create a delay time of 1800 ps. When not per-
fectly aligned, the probe beam can shifts its path slightly. 

The relative movement of the spin package can be clearly seen. It has been displaced by 0.9 ± 0.2 
μm over 1800 ps, resulting in an average speed of 55·103 cms-1. By comparison, the average electron 
speed is calculated using the current magnitude I, channel width L, channel depth D and carrier con-
centration n as follows: 

Iv
neA

=  (6.8) 

where e is the charge of the electron and A = LD is the area through which the current is spread. The 
assumption is made that the current is equally distributed over a width of L = 1 mm at the location of 
the drift measurement. The depth of the channel is D = 200 nm and the electron concentration is de-
fined by the doping of n = 5·1016 cm-3. The average speed of the electrons is thus calculated to be 
313·103 cms-1 while the distance covered in 1800 ps should then be 5.6 μm. The deviation of this cal-
culated value with the speed measured optically can be contributed to either a wrong estimation of the 
current density, or to a discrepancy in spin mobility and electron mobility. 

Comparing the spin speed of 55·103 cms-1 to the electric field of 5 V over 1 mm results in a spin 
mobility of (1.1 ± 0.3)·103 cm2V-1 s-1. This has the same order of magnitude as literature values, be it 
on the low side[11]. 
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6.3 Conclusions 
Visualising diffusion and drift of an optically injected Gaussian spin package can be done effectively 
by monitoring its profile as a function of time. In an electric field it has been seen displaced over a 
micrometer. For the spin transport channel, the mobility has been determined to a value of (1.1 ± 
0.3)·103 cm2V-1 s-1. By measuring the broadening of the package in time, the spin diffusion constant is 
determined as 45 ± 10 cm2s-1. These values are of the same order of magnitude as electron mobility 
and drift for n-GaAs at these temperatures, be it somewhat smaller. 

Before electrons and holes are recombined, improved diffusion appears to have been observed. A 
simulation of recombination using separate spin up and spin down electron bands can explain this be-
haviour, which originates in asymmetrical spin up and spin down recombination at the centre of the 
spin package. It turns out that in the presence of holes, diffusion is more difficult to measure. Addi-
tional research could be performed for setting up a complete spin recombination and diffusion model, 
varying several parameters for experiments and model. 

When the sample would have a much longer relaxation time, orders of magnitude larger than the 
recombination time, the signal at longer pump-probe delay times is increased. This would facilitate the 
accuracy of the measurement technique described. 
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7 Optical detection of electrical injection 

An all-electrical spin injection and detection device consists of several elements that require work-
ing together well in order to achieve magnetoresistance. In this chapter, an attempt is made to optically 
detect electrically injected spin, in order to prove that the electrical injection electrode functions prop-
erly and to determine its efficiency. Therefore an experimental setup is described, after which simula-
tions are performed to determine the signal that can be expected. Then measurements are reported, 
followed by a discussion on the all-electrical functionality of the device. 

7.1 Setup description 
In this section a technique is described to optically detect electrically injected spins. Using this tech-
nique a spin polarised current into the transport channel can be visualised using the magneto-optic 
Kerr effect. Only recently, this combination of injection and detection has resulted in images of elec-
trically injected spin transport[20]. 

The ferromagnetic electrodes of the all-electrical spin injection and detection device are magnet-
ised in plane in the y-direction, as mentioned in chapter 3. This defines the orientation of the electri-
cally injected spins to be in-plane as well, while the magneto-optic Kerr effect is most sensitive to out-
of-plane spin. Therefore, electrically injected spin is hard to be detected directly using this optical de-
tection method. An in-plane magnetic field, perpendicular to the electrode magnetisation, is used to 
create a torque on the spin polarised electrons so that they precess out-of-plane obeying (2.10). The 
precession of a direct spin polarised current is visualised in figure 7.1. 

 
Figure 7.1: Spin precession in a magnetic field after electrical injection. 

For optical detection of the spin polarised electrons in the spin transport channel, the TiMMS setup is 
adjusted to the setup shown in figure 7.2. A Ti:sapphire pulsed laser is used as source for the probe 
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beam. The probe is linearly polarised at 90o and is modulated by a PEM set at 45o at a frequency fPEM. 
The alternately left and right polarised probe is then focused on the sample near the spin injection 
electrodes. Because the magneto-optic Kerr effect originates in the difference in reflection for these 
two optical modes, the intensity variation of the reflected laser beam is a measure for spin density at 
the laser spot on the sample. An optical detector measures the reflection and a lock-in amplifier is used 
to amplify the spin signal.  

 
Figure 7.2: Setup for optical detection of electrically injected spin. 

To electrically inject spin, a function generator is used to induce an alternating current through a tun-
nel barrier at a frequency finject << fPEM, using one ferromagnetic electrode and one ohmic contact of the 
device shown in figure 3.3. A spin polarised current, quantised in the y-direction, tunnels into or out of 
the spin transport channel. An adjustable magnetic field in the x-direction creates an out-of-plane 
component. A second lock-in amplifier is placed after the first, locked to finject. This modulation en-
sures that any measured signal is caused by the current. 

7.2 Precession 
To determine the magnitude of the magnetic field needed to efficiently measure out-of-plane spin near 
the injection electrode, the same model as in [20] is used. It incorporates spin diffusion and drift in one 
dimension, spin precession and spin relaxation for continuously injected in-plane spin under an elec-
trode. With this model, the z-component of spin Sz is defined as a function of magnetic field Bx and 
distance x from the injection electrode: 
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where S0 is the spin density directly after injection in the y-direction. Furthermore, W is the width of 
the electrode, τs is the spin lifetime, Ds the spin diffusion constant, vd the drift velocity and ωL the 
Larmor precession frequency, proportional to the magnetic field and the gyromagnetic ratio via (2.10). 

All these parameters have already been determined before or are estimated here. For the all-
electrical injection and detection device, Ds = 45 cm2s-1, τs = 1500 ps, γ = 6.7·109 T-1s-1 and 
W = 250 nm. At a typical voltage of 150 mV over the tunnel barrier, suitable for electrical spin injec-
tion, a current of 2 μA is induced. Distributing this current over the channel with a width of approxi-
mately 3 μm, a depth of 200 nm and an electron concentration of 5·1016 cm-3 results in an average drift 
velocity of 4.2·104 cms-1. Using these values, the profiles shown in the left plot of figure 7.3 have been 
calculated, determining Sz(x) for different values of Bx. The convolutions of these curves with a Gaus-
sian laser profile having a width of w = 2.5 μm are shown on the right as well. The spin under the elec-
trode, located at |x| ≤ 0.125 μm, has been ignored when calculating the convolutions. 
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Figure 7.3: Out-of-plane spin concentration (left) and convolution with a Gaussian laser spot with width 
w = 2.5 μm (right) near electrical spin injection electrode for several magnetic fields. The electrode is located at 
|x| ≤ 0.125 μm, as indicated by the shaded area on the left. 

As can be concluded from these simulations, a maximum out-of plane component arises when a mag-
netic field of 250 Gauss is chosen, although a field of 160 Gauss will suffice when scanning with a 
laser spot over the sample. Note that the while spin drift can be recognised in the slightly asymmetrical 
shape of the profiles, diffusion is the major transport force here. 

7.3 Measurements 
With the measurement technique described above an attempt is made to optically detect electrically 
injected spin. First, to locate the ferromagnetic electrodes and to get an indication of the resolution of 
the optical components in the setup, an x-y scan is made of the reflectivity of the sample (see figure 
7.4) at a probing wavelength of 820 ± 8 nm. At this wavelength, the sensitivity to spin polarisation 
should be maximal. The electrodes can vaguely be distinguished as the dark blue area between the top 
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and bottom contact pad. In the microscopic picture the current direction and the x-y scanning area are 
indicated. The function generator is connected to the top electrode and the right ohmic contact. 

 
Figure 7.4: Microscopic picture of the all-electrical spin injection and detection device with current direction 
indicated (left) and reflection from a 820 nm probe spot (right). 

For magnetic fields in the x-direction ranging from 0 to 380 Gauss, the signal from the two lock-in 
amplifiers is measured while scanning over the spin transport channel. No out-of-plane spin has been 
detected though. A possible explanation for this result is that the available signal is estimated to be 
very weak compared to optically injected spin in the measurements of the previous chapters. For the 
results published by Crooker, a device with a spin lifetime of 125 ns is used, several orders of magni-
tude larger than the samples from IMEC. Another difference with our device is the spin diffusion con-
stant, reported to be 10 cm2s-1 for Crooker's device. As a comparison, the simulations for our device 
are run again, but now with the reported spin lifetime and spin diffusion constant. The other parame-
ters are not changed. The results are shown in figure 7.5. Note that the same units are used along the y-
axis as for the left graph in figure 7.3. 
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Figure 7.5: Out-of-plane spin concentration near electrical spin injection electrode for several magnetic fields. 
The electrode is located at |x| ≤ 0.125 μm, as indicated by the shaded area on the left. 
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The difference in the maximum between figure 7.5 and figure 7.3 (left) is significant. It indicates that 
to be able to retrieve any signal from the IMEC device, some parameters could need change. Possibly, 
improving the sensitivity of the setup suffices though. For example, the laser used for these measure-
ments is not required to pulse. With a continuous laser, there is more time for photon absorption. Per 
photon, the Kerr effect well could be larger. Anyway, improving the spin lifetime and/or reducing the 
spin diffusion constant certainly improves the probability that spin is detected optically when it is suc-
cessfully injected electrically. 

7.4 Conclusions 
An experimental setup is reported for optical detection of electrically injected spin. Calculations show 
that the expected signal is significantly smaller in comparison with a successful result on a similar de-
vice in literature. This difference is caused by a small spin lifetime and a relatively large spin diffusion 
constant. At last, the principle of electrical injection of spin polarised electrons has not been proven 
optically for the IMEC all-electrical spin injection and detection device. A longer spin relaxation time 
can improve the signal, but the sensitivity of the setup could be improved as well. 
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8 Conclusions and discussion 

In this thesis, the focus has been on exploiting and developing optical techniques to retrieve spin spe-
cific parameters from a semiconductor sample. Therefore, optical experiments have been performed, 
some in the presence of an electric and/or magnetic field. Numerical simulations have been developed 
to support the experimental work. The sample that was subject to investigation is the design from 
IMEC Leuven for an all-electrical spin injection and detection device. While its purpose is to show 
MR, it has proven to be an interesting non-trivial device when investigating it optically.  

8.1 The all-electrical spin injection and detection device 
The device designed by IMEC Leuven consists of a base semiconductor heterostructure on which in-
sulator/ferromagnetic tunnel junctions are grown laterally. The tunnel barriers can be used to electri-
cally inject and detect spin polarised electrons in the top layer of the semiconductor. Under influence 
of a magnetic field in the direction of the easy axis of the electrodes, the purpose of the device is to 
show magnetoresistance, i.e. a change in resistance at the moment one of the ferromagnetic electrodes 
switches its magnetisation. While this has not been measured yet, the top layer (spin transport layer), 
consisting of n-doped GaAs has proven to be an interesting subject for investigation. 

Carrier distribution 
Inside the 200 nm thick spin transport layer, the carriers are distributed inhomogeneously as a function 
of depth. The etching of the surface of this layer causes the band diagram to be not well-defined. This 
complicates the physics inside the spin transport layer. Because it is an elementary part of the all-
electrical spin injection and detection device, determining some properties of this layer can be helpful.  

Spin relaxation time 
Using Time-resolved Magnetization Modulation Spectroscopy (TiMMS), the electron spin relaxation 
time of the spin transport layer has been determined to be between 500 ps and 3 ns at a temperature of 
5 K. This is in sharp contrast with literature values of bulk n-GaAs with the same doping density of 
5·1016 cm-3, showing spin relaxation times of up to 125 ns. The inhomogeneous carrier distribution 
could be responsible for this. Using a magnetic field, the gyromagnetic ratio of the electrons in the 
sample has been determined to have a value of 6.7·109 T-1s-1. 
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Spin diffusion and spin mobility 
Using TiMMS with a spatially separated spin injection and spin detection laser beam, the spin diffu-
sion and spin mobility constants have been determined. The spin diffusion constant is 45 ± 10 cm2s-1 
and the spin mobility is (1.1 ± 0.3)·103 cm2V-1 s-1. These values are slightly smaller than values re-
ported in literature for the electrons of n-doped GaAs.  

Electrical injection 
The principle of spin polarised tunnelling from a ferromagnetic layer through an insulator into a semi-
conductor has already been proven in other devices. When attempting to visualise a spin polarised cur-
rent through a tunnel junction into the spin transport layer of the IMEC design, no spin polarisation 
has been detected. The tunnel junctions could thus not be proven to work. The chance to detect electri-
cal spin injection optically would be increased by a longer spin relaxation time or a better sensitivity 
of the setup used for this measurement. 

8.2 Magneto-optical methods for investigating spin properties 
During the investigation of the device described above by optical means, some general applicable 
theories have been set up which could well help in the investigation of spin related parameters in other 
samples. The magneto-optic Kerr effect has been used as the main source of information in these theo-
ries. The Kerr effect is a change in rotational polarisation of a linearly polarised probe laser beam 
when it is reflected at a spin polarised sample. 

Inhomogeneous spin polarised samples 
The magneto-optic Kerr effect is phenomenologically defined by the magneto-optical constant Q, be-
ing a function of the spin polarisation as well as the wavelength with which a sample is probed. When 
the spin polarisation in a sample is not homogeneous, the magneto-optic Kerr effect can be defined by 
the integral of the relational function fλ(z) with the z-dependent Q. This relational function can be cal-
culated numerically for a known (estimation of) Q(z), but could possibly also be used to reconstruct 
Q(z) when the magneto-optic Kerr effect is measured. For the spin transport channel probed with dif-
ferent wavelengths, a correspondence could been shown between measurements and a calculation us-
ing fλ(z) defined for the heterostructure. 

Spin diffusion and asymmetrical recombination 
While measuring spin diffusion of an optically injected Gaussian spin package in a semiconductor, it 
is hard to distinguish between true spin diffusion and non-linear asymmetrical spin recombination, 
both causing the spin package to broaden. Once electrons and holes are recombined, spin diffusion can 
be determined more reliably. 
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