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Summary 

During the past few years the field of spintronies has emerged as a new technology. Spin
tronies is electronics in which either the spin is used as the information carrier or the 
spin degree of freedom is added to conventional charge-based electronic devices. One of 
the important aims within this field is the integration of spintronies with conventional 
semiconductor technology. 

In view of this aim, we investigated the spin behavior in semiconductor- and hybrid 
ferromagnet-semiconductor quanturn well (QW) structures. Using of the Magneto-Optical 
Kerr Effect (MOKE) we stuclied a magnetic anisotropy perpendicular to the surface of a 
thin Ni film on GaAs (001). For a thickness around 5 to 10 nm a magnetization slightly 
out of plane was demonstrated. However, no true perpendicular magnetization could be 
obtained. 

The spin dynamics in a GaAs/ AlAs QW was investigated with a Time-resolved Magne
tization Modulation Spectroscopy (TiMMS) experiment. Especially the infiuence of n-type 
doping on the spin dynamics in the QWs, and the existence of a coupling between the elec
tron spin in the GaAs QW and the electron spin in a thin Fe film on top of the QW 
structure has been examined as a function of temperature. 

Detailed temperature dependent measurements allowed us to clearly identify different 
electron spin scattering channels in intrinsic and p-doped substrates. Typically, electron 
spin scattering times of a bout 50 to 200 ps were found. At high temperatures (T > 100 K), 
the D'Yankonov-Perel mechanism dominates, at low temperature the spin scattering mostly 
takes place via electron-hole exchange scattering (Bir-Aronov-Pikus). Doping- and T
dependence was according to theoretica! predictions. 

Similar mechanisms were resolved for GaAs/ AlAs QWs. The dependenee of the n

type doping (Si) on the spin relaxation of a (100) oriented QW could not be shown in an 
unambiguous way, as explained by depletion of the doped region. Finally, in contrast to a 
previous pilot study, the infiuence of a dipolar-induced enhancement of the electron spin 
relaxation by a nearby ( < 5 nm) ferromagnetic iron layer could not be resolved. Most 
probably, the configuration suffered from severe depletion of doped electrons to the iron 
layer. 
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Chapter 1 

Introduetion 

Recently, the field of spintronies appeared as a new technology. Spintronics, denoting spin
based electronics, is electranies in which the spin is used as the information carrier or the 
spin degree of freedom is added to conventional charge-based electronic devices [1, 2]. One 
of the important aims within this field is the integration of spintronies with conventional 
semiconductor technology. In view of this aim the subject of my graduation project is 
to investigate spin injection and dynamics in hybrid ferromagnet-semiconductor quanturn 
well structures. 

However, the electrical injection of a spin-polarized current into a semiconductor is a se
rious hindrance for this integration. The major problem is the large conductivity mismatch 
between a ferromagnetic metal and a semiconductor [3]. To successfully incorporate spins 
into semiconductors, some technica! issues have to be resolved. In our investigation we 
used optical spin injection to study the dynamic spin behavior in semiconductors quanturn 
wells (QWs). In spintronie applications with an optical functionality, it is generally easier 
to couple the spin degree of freedom in a polar out-of-plane configuration. Therefore, we 
investigated a magnetic anisotropy perpendicular to the surface in samples that consist of 
Ni films on GaAs (001) structures. 

The uitrafast spin behavior is investigated using a Time-resolved Magnetization Mod
ulation Spectroscopy (TiMMS) experiment. TiMMS is aso-called pump-probe technique, 
which is basedon the fact that a circularly polarized pump pulsecanspin selectively excite 
electrans via the spin-orbit coupling. The resulting spin imbalance can be probed with a 
second linearly polarized probe laser pulse. In this report the TiMMS method is applied 
to study the infiuence of n-type doping on the electron spin relaxation time, as wellas the 
infiuence of a nearby ferromagnetic layer on the electron spin dynamics. 

Doping of semiconductors can infiuence the electron spin dynamics in various ways. Of 
particular interest in view of applications is the increased relaxation time being observed 
for n-doped semiconductors. Moreover, an increased spin relaxation time is a prerequisite 
for our future fundamental investigations. TiMMS was exploited to study doping effects 
in various structures. 

From a fundamental point of view, it is interesting to know the infiuence of a ferromag
netic layer on the electron spin dynamics in nearby semiconductors [4]. Therefore, TiMMS 
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Chapter 1. Introduetion 

is applied to study the existence of a coupling between the electron spin in the QW and 
the electron spin in a thin ferromagnetic film on top of the QW structure. 

The outline of this report is as follows. In chapter 2 a description is given of the magneto
optical Kerr effect (MOKE). Further, the Kerr rotation and ellipticity are calculated fora 
structure with an optical anisotropy along different polarization directions. MOKE is used 
to analyse the magnetic anisotropy properties of several sample structures. Therefore, an 
explanation of magnetic anisotropy is given in chapter 3, as wellas the outcome of MOKE 
measurements of a 5nm Fe film on the InGaAs/GaAs QW structure. Next, the results of 
a Ni wedge on a InGaAs/GaAs QW structure are discussed. 

Chapter 4 describes the band structure of III - V semiconductors, and the possibility 
of spin selective excitations in QW s with a circularly polarized monochromatic light beam. 
Several scattering mechanisms by which the electrans can relax their spin direction are 
discussed in the remainder of the chapter. To investigate the ultrafast spin dynamics in 
GaAs/ AlAs QWs the TiMMS experiment is used. A detailed description of this pump
probe technique is given in chapter 5, besides that the experimental procedure of the 
TiMMS experiment is discussed. In chapter 6, the results of the study of the infiuence 
of n-type doping are discussed. In addition, we investigated the potential existence of a 
coupling between the electron spin in a QW and the spin in a thin ferromagnetic film on 
top of the well. Finally, in chapter 7 the conclusions are drawn and an outlook is given for 
future investigations. 
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Chapter 2 

Magneto-Optical Kerr Effect 

John Kerr, whowas born in Scatland in 1824, discovered in 1877 the Magneto-optical Kerr 
effect (MOKE) [5]. The effect is characterized by a change in the phase and the amplitude 
of linearly polarized light that is undergoing a refiection from the surface of an optical 
anisatrapie materiaL Linearly polarized light can be represented as a superposition of two 
circularly polarized components, of equal amplitude and opposite direction. A relative 
change in the phase of the two components will leave their resultant linearly polarized, 
but rotated with respect to the original direction (Kerr rotation). Conversely, a relative 
change in the amplitude of the components will result in an elliptical superposition (Kerr 
ellipticity), since the magnitude of the sum varies and the line of the resultant rotates 
in time. The object of this chapter is to calculate the Kerr rotation and ellipticity of a 
structure with an optical anisotropy along different polarization directions. 

2.1 Maxwell's equations 

The theoretica! framework for optical properties is given by the Maxwell equations. There
fore, the general methad to calculate the Kerr rotation and ellipticity is to consider the 
Maxwell equations. Making use of the relations: 

D =toE+ P , (2.1) 

and 
- -1- -H=!-io B-M, (2.2) 

which associates the electric displacement D with the electric field Ê, and the magnetic 
field fi with the magnetic induction Ê, respectively. Furthermore, Eo is the dielectric 
constant in vacuum, P is the polarization, /-io is the magnetic permeability in vacuum, and 
M is the magnetization of the medium. With the above, the Maxwell equations are given 
by: 
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v.§ 0 (2.3) -'l·D p (2.4) 

\lxE 
a§ 

(2.5) at 

\lxH - aiJ (2.6) J+-at 

In these equations p is the external charge density, and J is the current density including 
the conduction current and the externally introduced current. If (J is the conductivity 
tensor, then the current density is related to the electric field by: 

(2.7) 

The Maxwell equations describe plane electromagnetic waves (EM-waves), with the har
monie variations of the electric and the magnetic field given by [6]: 

E = Eo exp(i(f. r- wt)) , 

B = Bo exp(i(k. r- wt)) , 

(2.8) 

(2.9) 

with k the propagation wave vector of the EM-wave at position rand time t, and w the 
frequency of the rapid oscillating local electric and magnetic fields. Nontrivial solutions of 
the Maxwell equations, like linearl:y polarized EM-waves lead to the dispersion relation [7], 
which has a complex wave vector k if the medium is conductive: 

- w 
k=

c 

U:J 
Er(w) +- . 

WEo 
(2.10) 

In this formula c = b is the speed of light, and Er (w) is the dielectric constant of the 
yEOJ-tO 

medium. By means of this complex wave vector and the introduetion of the extinction 
coefficient K, it is possible to specify a complex index of refraction: 

e
n= n +iK,= -k . 

w 
(2.11) 

The conneetion between the real part ?R(ii) = n and the imaginary part 8'(ii) = K, of the 
complex index of refraction is given by the Kramers-Kranig relations. Reviewing the above, 
the complex dielectric constant can now subsequently be defined as [8]: 

- I • 11 -2 · 2 U:J E = E +ZE = n = (n + ZK,) = Er(w) +- . 
WEo 

(2.12) 

Ordinarily, descriptions of the Magneto-optical (MO) properties of a material are based 
on an analysis of the dielectric tensor instead of the dielectric constant. Therefore, in next 
section the dielectric tensor is considered. 
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2. 2. Dielectric tensor 

2. 2 Dielectric tensor 

The response of a medium to an EM-wave that is propagating in the z-direction can be 
described by the dielectric tensor €. Generally, this dielectric tensor can be split into a 
symmetrie and an antisymmetrie part. By an appropriate rotation of the coordinate sys
tem the symmetrie part can be diagonalized [5]. The dielectric constant is invariant under 
a rotation around the z-axis, if the medium has a cubic symmetry which is axisymmetric 
around that z-axis, and with the magnetization M along this symmetry-axis. As a con
sequence, the tensor element Èxx must be equal to the term Èyy, and the component Èyx 

has to be opposite to the element Èxy [9]. Optical anisotropy of a medium is expressed 
through the preserree of the off-diagonal terms ± Èxy in the dielectric tensor. In Cartesian 
coordinates, the dielectric tensor has the following structure: 

E = ( ~~:y !:: ~ ) 
0 0 Ezz 

(2.13) 

each of the tensor elements Eij is complex, in accordance with equation 2.12. The off
diagonal components are odd linear functions of the magnetization of the medium, and the 
diagorral terms are all even in M. In order to find a conneetion between circularly polarized 
light with different orientation that is undergoing a refiection and the complex dielectric 
tensor components, it is convenient to rewrite the tensor in cylindrical coordinates: 

( 

(Exx+iExy) 0 0 ) 
E = 0 (Exx- iExy) 0 

0 0 ~z 

(2.14) 

Consicier now the complex Fresnel refiection coefficients for right circularly polarized light 
r + and left circularly polarized light r- described as [10]: 

f + = T + exp(i<f>+) , 

f _ = T _ exp(i<j>_) , 

(2.15) 

(2.16) 

with r ± the amplitude, and 4>± the phase of the circularly polarized light. If linearly 
polarized light is represented as the superposition of two circularly polarized components, of 
equal amplitude and opposite direction, then the Kerr rotation fJ which is characterized by 
a relative change in the phase of the two circularly polarized components can by formulated 
by: 

(2.17) 

Besides, the Kerr ellipticity é that is characterized by a relative change in the amplitude 
of the components can be defined as: 

(2.18) 
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Now, for an EM-wave which consist of linearly polarized light that is propagating in the 
z-direction perpendicular toa sample surface, the complex Fresnel refiection coefficient can 
be written as: 

_ 1-n 
r=--

l+n 
(2.19) 

Next, with equation 2.12 and the dielectric tensor 2.14, the complex index of refraction 
for right circularly polarized light n+' respectively, left circularly polarized light n_ can be 
defined by: 

n! = Exx + i€xy , 

-2 - ·-n_ = Exx- 2Exy 

(2.20) 

(2.21) 

Assuming that IExyl « IExxl, the combination of these equations with the complex Fresnel 
coefficients, and the use of the definitions 2.17 and 2.18, the expression for the MOKEis 
given by: 

J = {} - iE = - ___ Ex....e.y __ 

~(Exx - 1) 
(2.22) 

MOKEis frequently used to study magnetic anisotropic properties of various sample struc
tures, and for that generally hysteresis loops are measured. The next chapter gives an 
analysis of the magnetic anisotropic properties of thin ferromagnetic films on GaAs (001), 
that were measured by MOKE investigations of the hysteresis loops. 

6 



Chapter 3 

Magnetic Anisotropy in Thin Ni 
Films on GaAs (001) 

In April 2002 Haque et al. reported an out of plane anisotropy for a thickness of a poly
crystalline Ni film less than 12 nm on GaAs (001) [11]. Magnetic anisotropy perpendicular 
to the surface is more advantageous than an in-plane, because in spintronie applications 
with an optical functionality, it is generally easier to couple the spin degree of freedom in 
apolar out-of-plane configuration. Moreover, in the Time-resolved Magnetization Modu
lation Spectroscopy (TiMMS) experiment we optically inject the electron spin in the polar 
direction. Therefore, we investigated this perpendicular anisotropy phenomenon in sam
ples that consist of Ni films grown on InGaAs/GaAs quanturn well (QW) structures. The 
hybrid ferromagnet-semiconductor QW structures were prepared in cooperation with the 
group semiconductor physics at the Eindhoven University of Technology (TU je). In this 
chapter, first an explanation is given of magnetic anisotropy. After that, the preparation 
of the samples is described and the outcome of a pilot study with a 5nm Fe film on the 
QW structure is given. Furthermore, the results of a thin Ni film on a InGaAs/GaAs QW 
structure are discussed. 

3.1 Magnetic Anisotropy 

In a solid ferromagnetic body of a volume V with an arbitrary shape, a spontaneous 
ordering phenomenon occurs beneath the critical Curie temperature Tc. This ordering is 
caused by the exchange interaction, which is basedon the Pauli-principle and the Coulomb
interaction. The Pauli-principle excludes two electrous that are in the same orbital state to 
have equal spin. Thus, the effective electrastatic Coulomb repulsion is weaker for a couple 
of electrous with parallel spins than for two electrous with antiparallel spins. Therefore, 
the total energy of an atom can decrease through the removal of the energetic degeneracy 
concerning the relative spin alignment. The exchange interaction between the classica! 
spins S, localized at atomie sites i,j is described with the Heisenberg hamiltonian: 
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1 """ ---> ---> 11. = - 2 6 Jij si · sj . (3.1) 
ij 

In this hamiltonian Jij is the exchange interaction constant between the spins i and j. 
Notice that the Heisenberg hamiltonian is a scalar product and therefore the exchange 
interaction is isotropic. However, it is generally known from experience that the magne
tization M of ferromagnetic materials spontaneously aligns along a certain direction in 
space, this means the magnetization is anisotropic. In the following, the question how the 
exchange interaction relates to the magnetization will be addressed. 

[100] 

[001] z 

aJ •• • .. ··. ··. ··. 
~······ ... 

'·· ... M 

l . .:'" 
: : 

a2 [010] 

y 

Figure 3.1: A representation of the configuration of the goniometrical relations 
between the magnetization M and the projections on the three crystalline axes 
a 1 , a 2 , and a 3 , of a cubic system. The definitions of the polar angle () and the 
azimuthal angle cp are also shown. 

In order to answer this question, consider the spin-orbit interaction which couples i and 
§, of a system with a total angular momenturn J = i + §. In the reference frame of 
the electron, the motion of the nucleus gives rise to a magnetic field at the location of 
the electron. This magnetic field interacts with the magnetic moment Jl. The interaction 
energy between the magnetic field of the apparent motion of the nucleus and the spin 
magnetic moment is: 

(3.2) 

where f(f') is some function of the coordinates [12]. This expression shows vividly that 
spin-orbit interaction is anisotropic, and depends on the mutual orientation of the orbital 
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angular momenturn and the spin magnetic moment. The spin-orbit interaction induces a 
small orbital momenturn which couples the total magnetic moment to the crystal axes. If 
now the magnetization M is defined as the vector sum over the magnetic moments of all 
the individual electrans in the volume of the body divided by that volume, M = -{i L [li, 
then the total energy of the system with an arbitrary shape depends on the orientation of 
M relative to the crystalline axes and refl.ects the same symmetry as the crystal. This is 
known as the magnetocrystalline contribution to the anisotropy [13]. 

In the case of a cubic crystal like Fe or Ni, the energy Uc connected with the magne
tocrystalline anisotropy can be expressed with the projectionsof the magnetization on the 
three crystalline axes, x, y, and z. Figure 3.1 illustrates the goniometdeal relations be
tween the projections, a 1, a 2, and a 3 and the magnetization M. On grounds of symmetry 
arguments, Uc can be represented as an even power series in a 1, a 2, and a 3: 

Uc = Ko + K1{(a1a2)2 + (a2a3)2 + (a1a3) 2} + K2(a1a2a3? + ... , (3.3) 

with K 0 , K 1 and K 2 the anisotropy constants [14]. Based on energy considerations the 
magnetization will align along a preferential direction in space. The direction of the mag
netization for which the magnetocrystalline anisotropy energy is minimal is called the easy 
axis, and the direction for what Uc is maximal is named the hard axis. As an example, a 
spatial presentation of the crystalline axes with an indication of the hardness is shown in 
figure 3.2 for bulk Fe and Ni. 

a) 

[110] medium 

[100] easy 

4R 
a= 1{3 

b) [111] easy 

Fe (BCC) 

a=2R'/2 

Figure 3. 2: A representation of the hardness of the crystalline axes {15) in case 
of a) bulk BCC Fe with the constants K 1 > 0 and K2 < 0, and b) bulk FCC Ni 
with K 1 < 0 and K 2 < 0 [14). 

Besides the magnetocrystalline anisotropy, there is another important type of anisotropy, 
namely shape anisotropy. The souree of the shape anisotropy is the classical long range 
magnetic dipole-dipole interaction, which tends to align the magnetic moments ili in the 
same direction. In order to get insight in the shape anisotropy, consider a uniform thin 
ferromagnetic film which is depicted in figure 3.3. 
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a) b) 

Mii -

I I 
H 

• M 
EJ EJ 

-Hd 

Figure 3.3: The magnetic flux of a ultrathin film is minimal in situation a) when 
the magnetic moments ili are parallel to the surf ace, and maximal in state b) 
when the moments are perpendicular to the surface (16}. 

Furthermore, an anisotropic demagnetizing field Ha is introduced to describe the shape 
effect of the dipolar interaction [16]. This anisotropic demagnetizing field is defined by: 

(3.4) 

here N is the demagnetizing factor which is solely determined by geometry. The minus 
sign points out that the demagnetizing field has an opposite direction to the magnetization. 
The actual internal field Hi inside the two dimensional planar magnetized system is now 
given by: 

(3.5) 

First, the situation with the applied magnetic field H parallel (a) to the surface of te 
sample is discussed. Based on the continuity of the H-field, the indicated Amperian line 
integral implies that H = Hi· From equation 3.5 it ensues that the demagnetizing factor 
is N = 0 in this direction. Secondly, consider the situation for which H is perpendicular 
(b) to the sample surface. For the illustrated Gaussian box the continuity of the B-field 
can be applied, yielding H = (1 + x)Hi, with x the magnetic susceptibility. By means of 
equation 3.5 the result is Ha = Hi - H = -xHi = M, as a consequence in this direction 
N = 1. The energy per unit volume associated with the shape anisotropy of a thin film 
can be derived by calculating the magnetostatic energy, it follows that: 

1 2 1 .... 2 2 
Us = 2 /10 an = 2 /10 \M\ COS () , (3.6) 

with an the projection of the magnetization on the normal of the film [17]. In the above, 
basically the two main sourees of the magnetic anisotropy are described, and it can be 
conclude that the magnetic anisotropy is strongly connected to the crystalline symmetry 
and the shape ofthe samples [13]. However, the perpendicular anisotropy phenomenon that 
is reported by Haque [11] mainly originates from magnetoelastic anisotropy. This implies 
that, when a crystalline layer is put under stress the lattice deforms, as a consequence the 
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3.1. M agnetic A nisotropy 

crystalline anisotropy will change. The energy related to the magnetoelastic anisotropy 
can be expressed as: 

2 

u-K~ 
e- eiMI2 ' (3.7) 

where O:n is again the normal of the film, or the growth direction [17). Sometimes, the mag
netoelastic anisotropy energy appears as an additional term in the crystalline anisotropy 
energy, because both are closely related. 

Without going too much into details, also the surface or interface anisotropy is men
tioned. This form of anisotropy arises when two or more layers of different types of material 
are grown on top of each other. The surface or interface anisotropy is characterized by a 
single easy axis, so it is a uniaxial anisotropy [18). A strong in-plane uniaxial magnetic 
anisotropy originating from the Fe/GaAs interface is found in Fe films epitaxially grown 
on GaAs (001), in addition toa thickness dependent cubic contribution [19). 

To investigate magnetic anisotropic properties usually hysteresis loops are measured. In 
calculating these hysteresis loops, often the Stoner-Wohlfarth model is used. This model 
is valid for small single domain particles. The definitions of the geometry that are used in 
the Stoner-Wohlfarth model are depicted in figure 3.4. 

Reference direction --• 

Figure 3.4: The geometry that defines the angles that are used in Stoner
Wohlfarth calculations. The angle ( refers to the azimuthal angle cjJ if the 
magnetic field is applied parallel to the surface, and to the polar angle () if 
the magnetic field is applied perpendicular to the surface. 

The direction of the magnetization defined with respect to a chosen reference axis is indi
cated by o: and the angle between the reference axis and the applied field is denoted (. In the 
Stoner-Wohlfarth model the uniaxial magnetic anisotropy is written as Uun = Kun sin2 o:, 
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a second order anisotropy component with the easy axis parallel or perpendicular to the 
reference axis when Kun > 0 or Kun < 0, respectively. The cubic magnetic anisotropy is 
formulated as Ucu = Keu sin2 2a, indicating a fourth order anisotropy component, with a 
easy axis parallel and perpendicular to the reference axis when Keu > 0, and if Keu < 0 
then the hard axis is parallel and perpendicular to the reference axis (18). In the analysis 
and discussion of thin film anisotropy it is often sufficient to use a description for the total 
energy density, being the sum of the anisotropy and the Zeeman energy: 

u(M, H) = Uun =Kun sin2 a+ Keu sin2 2a- JLoiMIIHI cos((- a) (3.8) 

For a certain applied magnetic field at angle (, the stabie direction of the magnetization can 
be determined by searching the magnetization angle for which the total energy density has 
a minimum. The next sections report about the investigation of the magnetic anisotropic 
properties of thin ferromagnetic films on GaAs (001) by analyzing the hysteresis loops. 

3.2 Pilot study of 5 nm Fe on a InGaAs/GaAs QW 

One of the most well ordered and abrupt metal/semiconductor interfaces is Fe grown on 
GaAs (20), therefore we have chosen to grow Fe on the InGaAs/GaAs QW as a pilotstudy. 
At the group semiconductor physics at the TU/e the InGaAs/GaAs QW, entitled QWR99, 
is grown in the (001) direction and is capped with As. From bottorn to top, the QW has the 
following structure: a GaAs (001) wafer , 188 nm GaAs, 5.55 nm InGaAs, 93.8 nm GaAs, 
and an As cap. For the deposition of a ferromagnetic film, the QWR99 was transported to 
the nanostructure group. There the cap was removed by annealing the sample at 400 oe 
for about one and a half-hour, before the ferromagnetic layer was grown with molecular 
beam epitaxy (MBE). 

a) b) 

Figure 3.5: The LEED patterns taken with an electron energy of 125 eV of the 
QWR99 sample a) taken directly befare growth of the 5 nm Fe layer and b) 
immediately after deposition of the Fe film on the InGaAs/GaAs QW. 

First, a 5 nm Fe film was grown in the (001) direction on the InGaAs/GaAs QW sample, 
to assure that the capping and annealing method would work. The low energy electron 
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diffraction (LEED) picture that was taken with an electron energy of 125 eV showed that 
Fe was grown epitaxial on the GaAs, as can be seen in figure 3.5. This can be concluded, 
because sharp spots can be recognized on the picture that is taken after deposition of the 
Fe film, with the same symmetry as GaAs (001). 

Furthermore, hysteresis loops were measured with the applied field parallel to the sur
face of the sample and with different azimuthal angles, <P to verify the magnetic properties 
of the Fe sample. These loops are plotted in figure 3.6. 

~ 
<::D --<::D 

H @ cj>=Oo ïi @ cj>=45° ïï @ cj>= 90° 

1.0 

0.5 ~ 
~ 

0.0 

-0.5 

-1.0 
~~ 

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 

H[IOO] (kG) H[IIO] (kG) H[OIO] (kG) 

Figure 3. 6: The plots of the hysteresis loops of the sample with a 5 nm Fe film 
that was grown in the {001} direction on the InGaAs/GaAs QW. The loops were 
measured with the applied field parallel to the surface of the sample at different 
azimuthal angles, c/J, as defined in figure 3.1. 

The hysteresis loops show that the Fe sample has an in-plane anisotropy with the easy axis 
along the [100] reference axis of the sample, because the loops are approximately square 
when the field is applied along the reference axis. This can be understood if the derivative 
of equation 3.8 with ( = cjJ is considered: 

au(M, ii) . . _, _, aa = Kunsm2a + 2Kcusm4a + 1-LoiMIIHI sin(</J- a) (3.9) 

When the applied field, fi is along the reference axis [100], then the derivative 3.9 equals 
zero if a = oo. Besides this, we see that the magnetic remarrenee MR is approximately 
100% if fi is at cjJ = oo. Thus, due to the surface or interface anisotropy an uniaxial 
anisotropy is found, analogous to the reported magnetic anisotropy in Fe films epitaxially 
grown on GaAs (001) by Moosbühler [19]. 

Furthermore, if the angle between the reference axis and the applied field is <P = 45°, 
then there is a charaderistic that indicates a switch in two steps. Probably, the magneti
zation aligns first along a medium axis, before it aligns in the direction of the applied field. 
A medium axis implies that there is a local minimum, that can be found if the second 
derivative is set to zero, which is the case for a = 225°: 
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2 ..... ..... 
8 u(M, H) 2 2 ..... ..... 

Ba2 = 2Kun cos 2a + 8Kcu(cos 2a- sin 2a) -~toiMIIHI cos(<P- a) . (3.10) 

lf fi is at an angle of 90° the coercive field He seems to collapse, and also the remanent 
magnetization is decreased to around 40%. From the above, it can be concluded that the 
magnetic anisotropic properties the Fe film on GaAs(001) are intact, so the capping and 
annealing method works. 

3.3 Results of a thin Ni film on a InGaAs/GaAs QW 
structure 

The pilot study was successful and accordingly a 5 nm Ni film was grown on the In
GaAs/GaAs QW structure in the (001) direction with the same method that was used 
to grow the Fe layer. This time, the LEED picture that was taken after deposition of 
the Ni film showed no spots, because the FCC crystal structure of Ni does not match the 
zinebiende structure of GaAs. 
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Figure 3. 7: The hysteresis loops of the sample with a 5 nm Ni film grown on 
the InGaAs/GaAs (001} QW. The loops were measured with the applied field 
a) parallel and b) perpendicular to the surface of the sample. 

Figure 3. 7a shows the hysteresis loops of measurements with the applied field parallel to 
the plane of the film and at different azimuthal angles <P, as defined in figure 3.1. The 
coercive field He is about 150 G at an angle of cjJ = oo between the fi and the reference 
axis. When the angle <P is increased the coercive field decreases to He = 45 G ± 5 G at 
<P = 90°. Also the remanent magnetization decreases from nearly 100% if the applied field 
was along the reference axis, to around 65% when fi was applied at 90°. 
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3.3. Results of a thin Ni film on a InGaAs/GaAs QW structure 

A hysteresis loop was also measured with the applied field perpendicular to the surface 
of the sample, thus, in the polar direction. In figure 3. 7b the measurements are shown with 
the applied field perpendicular to the surface. 

As can be seen in figure 3. 7b, the loop of the polar measurement showed a small 
but measurable remarrenee when there was no field applied. Also, there was a small 
coercive field when the sign of the magnetization was switched. To be sure that this 
was indeed an out of plane component and nota feature due to misalignment of the setup, 
the measurement was repeated with a 'mirrored' configuration. The vectorial schemes of 
both configurations are depicted in figure 3.8. If the detector was first placed at the left of 
the laser (figure 3.8a), and the magneto-optical signal (MO-signal) is defined as: 

fJa = AM_1_ + BM;; , (3.11) 

then in the mirrored configuration the detector is placed on the right (figure 3.8b) and the 
conesponding MO-signal is described as: 

(3.12) 

Thus, if there is an anisotropy perpendicular to surface, in both the configurations the 
projection of the out-off-plane component on the laser beam direction should be the same. 
The measurement reproduced the hysteresis loop, so there actually was a small out-of-plane 
component. 
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Figure 3. 8: A schematic drawing of the two configurations of the po lar hystere
sis measurement to distinguish the out-off-plane component from the magnetic 
anisotropy. 

To ascertain that there indeed was a small component of the magnetization perpendicular 
to the surface of the sample, as an additional test also hysteresis loops were measured with 
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a superconducting interference device (SQUID) at 5 K. As a consequence of a background 
signal due to the diamagnetic GaAs, the noise level of the polar measurement was too high, 
and therefore is not shown. Nevertheless, figure 3.9 shows the SQUID measurement with 
H parallel to the surface of the film. 

H @ 8 = 90• 

2.0xto-' 

Applied field (kG) 

Figure 3.9: The plot of a SQUID measurement at 5 K with the applied field 
parallel to the surface of the sample. 

20 
Layer thickncss (nm) 

0 

15 20 25 30 

Position spot (arb_u.) 

Figure 3.10: The plots of the the saturation magnetization Msat as function of 
the position of the step motor to determine the thickness of the sample at the 
position of the laser spot. 

The remanent magnetization is the percentage of the saturation magnetization that 
remains when no magnetic field is applied. Figure 3.9 indicates that MsatNi = 3.0 10-5 emu. 
This measured saturation magnetization is used to calculate the remanent magnetization, 
MR which is only about 65%. On this basis, it was decided to grow a Ni wedge to investigate 
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3.3. Results of a thin Ni film on a InGaAs/GaAs QW structure 

the anisotropy as a function of the thickness of the film. The length of the Ni wedge is 
11.5 mm and the thickness ranges from 0 to 20 nm. 

To compare the in-plane component of the magnetization with the out-of-plane compo
nent, hysteresis loops were measured as a function of the thickness with the applied field 
parallel and perpendicular to the surface of the sample. The thickness of the sample at 
the position of the laser spot is determined by analyzing the saturation rotation 1J sat as a 
function of the position of the step motor, as illustrated in figure 3.10. Namely, the end 
of the wedge is revealed by a sharp kink in the 1J sat plot. From there, the thickness can be 
calculated, because the length and the slope of the wedge is known. 
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Figure 3.11: The plots of the hysteresis loops measured at an approximated thick
ness of the Ni film a) 5 nm, b) 10 nm c) 15 nm, d) 20 nm for different angles 
of H of the Ni wedge grown on the InGaAs/GaAs (001) QW. 

The hysteresis loops of four different positions on the wedge are shown in figure 3.11. 
The polar measurements with a too high noise level are not shown. The noise is induced 
because of the relative small rotation signal compared to the diamagnetic background 
signal due to the GaAs. By analyzing each hysteresis loop, the coercive field He, and the 
remanent magnetization MR were obtained as the function of the thickness. The graphs of 
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He, and MR areplottedas a function of the thickness of the film in figure 3.12. 
In these figures, 4J and e are the angles of the applied field with respect to the reference 

axis, like defined in figure 3.1. Both figures show that for a thickness less than ahout 4nm 
the Ni wedge is nonmagnetic. The graphs of the coercive field display an increases of He 
for a film thickness from ahout 4 to 8 nm, for the measurement in the polar direction, as 
well as for the longitudinal measurements. Ahove approximately 8nm the results of the 
polar measurement, and the measurements in the longitudinal direction with the applied 
field at an angle of oo and 45° exhihit a slow decreases of the He. While, the outcome of 
the measurement with the applied field at angle of 90° demonstrates a more steep slope. 
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Figure 3.12: a) The coercive field He, and b) the remanent magnetization M R 

as a function of the thickness, with the applied field at different angles parallel to 
the surface of the sample, and with the applied field perpendicular to the surface 
of the sample. 

The graphs of the remanent magnetization indicate that the magnetization is only 
slightly canted out-of-plane. This can he concluded from the fact that the data of the po
lar measurement show an insignificant remanent magnetization of ahout 10%, indicating a 
less favorite direction as opposed to the measurements in the longitudinal direction. Those 
displayed a MR of nearly 100% when the applied field was at an angle of oo or 45°, and at 
an angle of 90° the MR was approximately 70%. In conclusion, an anisotropy perpendicular 
to the surface for a thickness of the film less than 12 nm on GaAs (001), as suggested hy 
Haque, was not found. 

A prohahle cause could he intermixing of the Ni with the QW structure, also hecause of 
the dead layer of ahout 4nm. At the ferromagnet-semiconductor interface there originate 
surface states, for instanee due to lattice strain, which can trap electrons. The trapped 
electrans can act as donors or acceptor that infl.uence the harrier height. lf the ferromagnet
semiconductor interface is rough, more electrans will he trapped and the harrier height is 
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3.3. Results of a thin Ni film on a InGaAs/GaAs QW structure 

more strongly influenced which can be showed by a shift of the photoluminescence (PL) 
peak. 

Therefore, PL measurements were carried out at the group semiconductor physics at 
the TU je, to examine the gap energy of the QWR99 samples. For the PL measurement a 
Nd:Yag laser was used withand an output of 12 m W, at a wavelengthof À = 532 nm. The 
spot size of the laser on the samples was 4.1 mm2

, the samples were placed in a cryostat 
and cooled toa temperature of 4.4 K. The photoluminescence spectra are showed in figure 
3.13. 

The InGaAs peak ofthe 5 nm Ni sample is at an energy of EgNi = 1.438e V. Furthermore, 
it can be seen that the peak of the Fe sample is at a lower energy EgFe = 1.429eV than 
that of the Ni sample. The peak energy of the original InGaAs QW indicated with the 
dotted line is 1.424eV at 4.2K. Thus, the peak energy of the Fe as wellas the Ni sample is 
shifted toa higher energy compared with the original QWR99. Also, for the Ni wedge PL 
measurements were carried out at different film thicknesses. The spectra of the wedge also 
showed InGaAs and GaAs peaks, and again the QW peak was shifted toa higher energy. 
The peak energy of the Ni wedge is Egwedge = 1.426 eV, curiously enough this is not at 
the same energy as that of the 5 nm Ni sample, yet almost identical to the original peak 
energy. Likely, the probable cause is related to other circumstances during the deposition 
of the Ni film on the QW, or different annealing times for the removal of the As, through 
which the diffusion of Ni across the GaAs harrier is influenced. N evertheless, the peak 
energy is slightly shifted to a higher energy, compared with the original QWR99. From 
this it can be concluded, that indeed there is a process of intermixing occurring. 
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Figure 3.13: A graph of the P L measurements of the three Q WR99 samples 
with a 5 nm Fe film, a 5 nm Ni layer, or a the Ni wedge on top, measured at a 
thickness of about 10 nm. 
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3.4 Conclusion 

In this section a summary is given of the conclusions that were drawn in the chapter. First, 
the results of the pilot study are reviewed. Annealing the InGaAs/GaAs QW that was 
grown in the (001) at 400 oe for about one and a half-hour is sufficient to remove the As 
cap before the deposition of the ferromagnetic film. 

The LEED picture of the 5 nm Fe film on top of the InGaAs/GaAs (001) QW showed 
that Fe was grown epitaxially, and the hysteresis loops that were measured revealed that 
the magnetic anisotropic properties the Fe film on GaAs (001) were intact. Therefore it 
can be concluded that the capping and annealing method was successful. 

The sample with the 5 nm thin Ni film on the InGaAs/GaAs QW structure showed some 
charaderistics that could indicate an out-off-plane component. A SQUID measurement 
with the applied field parallel to the surface showed a remanent magnetization of only 
about 65%, this could indicate that there is indeed a small component of the magnetization 
perpendicular to the surface. 

The MOKE measurements of the 0 to 20 nm Ni wedge on the InGaAs/GaAs QW 
structure revealed a nonmagnetic layer of about 4nm. Furthermore, the data of the polar 
measurement of the Ni wedge showed an insignificant remanent magnetization of about 
10%, indicating that a magnetization perpendicular to the surface is a less favorite di
rection. Thus, a magnetic anisotropy perpendicular to the surface for a thickness of a 
polycrystalline Ni film less than 12 nm on GaAs (001) as was reported by Haque [11] was 
not found. 

The PL measurements to investigate the intermixing proces showed a shift of the peak to 
a higher energy compared with the original peak of the InGaAs/GaAs QW structure for all 
the three hybrid ferromagnet-semiconductor QW structures. So, it can be concluded, that 
there is a process of intermixing occurring. Besides that, the peak energies of the samples 
with the 5 nm Fe layer, the 5 nm Ni film, and the Ni wedge do not coincide. The reason 
for this can be related to the circumstances during the deposition of the ferromagnetic film 
on the QW structure or different annealing times for the removal of the As. 
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Chapter 4 

Spin Dynamics in Semiconductors 

As stated before, an important object within the field of spintronies is the integration 
of magnetism with conventional semiconductor technology. In conventional semiconductor 
technology the transport of carriers is a well controlled process. A condition for the merging 
of electronk and the magnetic technology, is an understanding of the mechanism of the 
electron and hole spin dynamics. For this reason, spin excitation and spin relaxation 
mechanisms are discussed. U nderstanding the optical processes and spin dynamics in 
semiconductors requires a thorough knowledge of the band structure. Therefore, first the 
band structure of III - V semiconductors is reviewed, with specific emphasis on the near 
band gap region. 

4.1 Band Structure of 111 - V Semiconductors 

In the previous chapter the Kerr effect was used to investigate the magnetic anisotropy of 
hybrid ferromagnet-semiconductor QW structures that consisted of III- V compounds on 
the basis of hysteresis loops. Besides that, the MOKE can be used to study the behavior of 
the electron and hole spins in those QW structures. The most important optical processes 
in semiconductors occur in the vicinity of the band gap. Therefore, in this section the 
band structure of III - V semiconductors is illustrated. 

Many of the III - V semiconductors crystallize in a so called zinebiende structure that 
have no inversion symmetry. The zinebiende structure consists of two interpenetrating 
face-centered-cubic (FCC) lattices of dissimHar atoms from group III and V of the periadie 
table, intersecting at one-quarter of the distance along the body diagorral [22]. The first 
Brillouin zone associated with the zinebiende structure is shown in figure 4.1. The r-point 
at (0,0,0) indicates the center of the Brillouin zone. Other important symmetry points 
in the structure are the X-points at (0,0,±1) and the equivalent points at (0,±1,0) and 
(±1,0,0), and the L-point at (~'~'~) and the corresponding points. Also given in the figure 
are the main symmetry lines, for instanee .6. in between the r-point and X-points and A 
in the middle of the r-point and the L-points. Usually, the band structures are calculated 
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Figure 4.1: The first Brillouin zone and the ma in symmetry points and lines ac
companying the zinebiende structure. Normally, the band structure is calculated 
along these symmetry points and lines (21}. 

along these main symmetry lines [23]. 

GaAs is a direct semiconductor with the gap located at the center of the Brillouin zone. 
Figure 4.2 depiets the band structure at 300K of bulk GaAs, which is a typical repre
sentative of the lil - V compounds. The binding between the period-III and period-V 
elements that is mediated by eight electrans per basis from the uppermost s and p shells 
is orientated tetrahedrally. 

Because of the electron spin, each band has a two-fold degeneracy. The lowest conduc
tion band arises from the two atomie s orbitals (f6 symmetry), the quanturn numbers of 
this band are J = ~ and mJ = ±~. The upper three valenee bands of the GaAs band 
structure originate from the six atomie p orbitals. The valenee band is split into a four-fold 
degenerate (f8 symmetry) and a two-fold degenerate (f7 symmetry) band at k = 0, due 
to the spin-orbit interaction. The first are the light-hole (lh) and heavy-hole (hh) bands, 
and the latter is called the split-off (so) band [39]. The so band has the quanturn numbers 
J = ~ and mJ = ±~. Whereas, the lh and the hh bands have quanturn numbers J = ~ 
and mJ = ±~, and J = ~ and mJ = ±~, respectively. 

Consicier a QW structure consisting of a thin GaAs layer of thickness Lz, which is sand
wiched between two infinitely thick AlAs harriers. Compared to bulk GaAs, in this 
GaAs/ AlAs QW the dimensions of the GaAs are reduced in one direction. As a con
sequence, the motion of the charge carriers is hampered in this direction, chosen along the 
z-axis. The confinement of the carriers leads to a quantization of the eigenenergies in the 
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Figure 4.2: The plot of the band structure of GaAs at 300K, including the fea
tures that are relevant for optoelectronic properties. The energy scale is chosen 
to be zero at the top of the uppermost valenee band {23}. 

direction of the limitation, and a parabalie dispersion on account of the free carrier motion 
in the x,y-direction. 

The heavy and light hole states are separated owing to this confinement in the QW, 
resulting in a shift of the heavy hole band to the top of the valenee band at a slightly 
higher energy level than that of the light hole band. Therefore, it is possible to tune the 
photo-excitation energy E = 1iw0 near the direct band-gap energy such that excitations 
only take place from the heavy hole band. So, if the QW is illuminated with a ( circularly 
polarized) monochromatic light beam with a photon energy of 1iw0 , part of the photons 
will be absorbed and optical transitions take place between the top of the valenee band 
J = ~ and the bottorn of the conduction band J = ~-

4.2 Spin selective excitation 

This section discusses the electronic transitions induced by circularly polarized light. For 
the photo-excitation of electrans from the valenee band to the conduction band the quan
turn mechanical selection rules have to be obeyed, the selection rules are l:l.l = ±1 and 
l:l.m = 0 or ±1, respectively [24]. Depending on the handedness of the circularly polarized 
light, the photon carries a spin angular momenturn of s = ±1. When circularly polarized 
light excites an electron, the change in angular momenturn of the electron must compen
sate for the angular momenturn delivered by the photon. 
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Figure 4. 3: The allowed transitions from the heavy hole state J = ~ to the 
bottam of the conduction band J = ! near the r -point of the GaAs/ A lAs Q W, 
for left-handed a- and right-handed a+ circular polarized light. 

lf the above is taken into account, then the illumination of the QW with right-handed 
circularly polarized light a+ of energy E = nw0 , permits only transitions from mJ = -~ 
to mJ = -!, as a result solely spin down electrons are excited. On the other hand, 
when the polarization of the light is left-handed a-, only transition from mJ = ~ to 
mJ = ! are possible. Thus, in this manner only spin-up electrons will be excited. Because 
of these distinct transitions for left- and right-handed circular polarization, which are 
shown in figure 4.3, circularly polarized light can be used for spin selective excitation 
in semiconductor QWs. This induced imbalance between spin-upand spin-down electrons 
engenders alocal magnetic induction along the z-direction of magnitude Bz. Subsequently, 
an incident linear polarized light beam, experiences a change of the polarization due to 
this local magnetic induction. The latter phenomenon is exactly the magneto-optical 
Kerr effect. So, indeed the MOKE can be utilized to examine the spin imbalance in 
QW structures. 

4.3 Electron spin relaxation 

Immediately after the creation of the spin imbalance the thermalization processes starts 
redistributing the induced carriers to the band edges by emitting low energy phonons. The 
induced spin-polarization of the electrons and holes is a non-equilibrium situation, so with 
the expiring of time the spin of the electrons and holes will relax. Spin relaxation can only 
occur by interaction with other particles, because of the quanturn mechanical conservation 
rules. Generally, the holes balance their spin much faster than electrons. One of the main 
reasons for the fast hole spin relaxation is that the orbital momenturn carried by the hole 
allows an efficient exchange of the angular momenturn with phonons. Especially at elevated 
temperatures, the hole relaxation proceeds extremely fast, faster than the detection limit of 
the TiMMS setup, being about 100 fs. Therefore, the electron spin relaxation is the subject 
of foremost interest. There are several scattering mechanisms by which the electrons can 
change their spin direction. These scatter mechanisms will be described in the remainder 

24 



4.3. Electron spin relaxation 

of this chapter. 

4.3.1 Electron-hole exchange interaction 

An important aspect of the exchange interaction is the overlap of the wave functions of the 
electron and the hole, sirree the exchange energy is proportional to the integrated overlap 
of the wave functions. The total spin of holes with different effective masses produces a 
fiuctuating effective magnetic field that induces a precession of the electron spin around an 
instantaneous axis [26]. Because of this, the spin of the electrons will relax. The mechanism 
that is induced by the exchange interaction between electrans and holes in crystals is the 
BAP mechanism. 

• Bir-Aronov-Pikus (BAP) mechanism 

The spin relaxation rate is proportional to the square of the exchange energy [25]. 
The BAP mechanism exert a substantial infiuence on the electron spin relaxation rate 
in semiconductors with a significant overlap between electron and hole wave func
tions. In quanturn well (QW) structures the BAP mechanism delivers an important 
contribution to the electron spin relaxation rate, because the exchange interaction is 
enhanced due to the confinement, which has a strong dependenee on the QW width 
[27]. 

According to the BAP mechanism the spin relaxes as aresult of a simultaneous flip
ping of the electron and hole spin of opposite orientation, and therefore maintain 
their total angular momentum. At low temperatures, typically T :::; ~a ~ 50 K for 

B 

GaAs QW structures with Ea theexciton binding energy and k 8 the Boltzmann con-
stant, the electron-hole exchange interaction is particularly strong, because electrons 
and holes are bound in excitons. Therefore, in this regime the BAP mechanism is 
most effective. Note that in the BAP scenario, the earlier discussed fast hole spin 
relaxation makes the hole system a very efficient sink for spin momentum. 

4.3.2 Spin-orbit interaction 

In the rest frame of an electron that is moving with a relativistic velocity iJ in a static 
electric field Ê(T), an effective magnetic field Betf(T) can be defined as: 

B 
.... (;:;'\_iJ x Ê(T) 
eff r; - ' c 

( 4.1) 

This effective magnetic field affects both the dynamics of the spin and the total energy of 
the electron. This interaction is called the spin-orbit interaction [26]. In the remainder, 
two electron spin relaxation mechanisms will be discussed in which the spin-orbit interac
tion plays an important role. In figure 4.4 a schematic view is given of those relaxation 
mechanisms. 
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Figure 4-4: A schematic view of the a) D 'Yankonov-Perel and the b) Elliott
Yafet electron spin relaxation mechanism [26}. In a) the spin rotates due to spin
orbit interaction between two scatter events, while in b) spin-orbit interaction 
induces a spin flip at the scatter event. 

• D'Yakonov-Perel (DP) mechanism 
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Figure 4.5: A diagram of the spin splitting of the conduction band, introducing 
difference in energy between an electron with spin up and with spin down. 

In crystals without inversion center, such as zinc blende, there is an effective mecha
nism of spin relaxation, namely the DP mechanism. In such semiconductors there is 
a spin splitting of the conduction band, as can be seen in figure 4.5. 

26 



4.3. Electron spin relaxation 

In bulk material the splitting is proportional to the cube of the electron momenturn 
p = ~k, and depends on the component of its spin in the direction of the electron 
wave vector. If the spin quantization axis is assumed to be the z-axis, then the 
splitting can be written as: 

-3 f1Esz = Es -.! - Es __ .! CX: Çjkj . 
z-2 z- 2 

(4.2) 

If at the initial instant the electron spin makes a particular angle with the vector k, 
then subsequently precession of the spin around k will occur with the frequency of 

~3 

precession of the spin n = .;1~1 , as is illustrated in figure 4.4a. After each electron 
scatter event the axis of precession will change. As a consequence, the originally 
existing orientation of the spin will relax in a stochastic way [33]. 

The total time for an electron to loose its spin information is proportional to N, 
the number of scattering events necessary to reach an average rotation of the spin 
polarization in the order of 1r, multiplied by the momenturn scattering time time Tp 

between these events. Assuming small random steps, this number for a random walk 
is N ex: ( n:v )2. Accordingly, the D P spin relaxation time is proportional to [25]: 

(4.3) 

In thermal equilibrium the averaged kinetic energy in one dirneusion equals kET, 
this yields < k2 > = 2;:5e < Ek > = 2;:5e kET, with me the effective mass of 
the electron. Substituting this in equation 4.3 gives for the DP mechanism in case of 
bulk material a dependency of: 

( 4.4) 

• D'Yakonov-Kachorovskii (DK) mechanism 

The DK mechanism is similar to the DP mechanism, though applied to a two
dimensional structure (2D). The specific feature of the 2D case is that the various 
components of the electron spin relax at different rates and the nature of such relax
ation depends on the orientation of the film relative to the crystallographic axes [34]. 
Define the electron momenturn as: 

- 1i (- k-) p=-:q+ l 

'l 
(4.5) 

where: 

1i- - (- -) -:Q = n x p · n , 
'l 

(4.6) 
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with n a unit vector along the normal of the film, chosen along the z-axis. Further
more, k is a 2D momenturn parallel to the plane of the structure, for which: 

k·n= o . (4.7) 

Provided that the motion of an electron is confined to a direction perpendicular to 
the film by a deep rectangular potential wellof width Lz, then the quantity < lt1F > 
is given by: 

( 4.8) 

If the averaged spin splitting for an arbitrary spin quantization axis in 3D is written 
as: 

(4.9) 

with < flEsy > and < flEsz > obtained by cyclic transposition of the indices, then, 
from equation 4.5, 4.6 and 4.7, it follows that in the 2D case: 

< flEsx >ex: - < ltJ12 > kx ' 

< flEsy >ex:< ltJ1 2 > ky , 

< flEsz >= 0 . 

(4.10) 

(4.11) 

( 4.12) 

Thus, averaging of the spin-orbit splitting along the motion of an electron in the 
direction perpendicular to the film has the effect that the the splitting is proportional 
to < 11]1 2 > k. Therefore, in contrast with the 3D case the energy splitting is a 
linear function of the momenturn k. Along the same lines as discussed for the DP 
mechanism, it is found that: 

( )

2 
n1i 1 

Te CX: < ltJ12 > k Tp ' 
(4.13) 

thus 

( 4.14) 

where Ec the confinement energy. 
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4. 3. Electron spin relaxation 

• Elliott-Yafet (EY) mechanism 

Spin relaxation by the EY mechanism is due to interactions with lattice vibrations 
(phonons) and impurity centers, which are influenced by the spin-orbit interaction. 
The spin-orbit interactions arise when an electron is close to the nucleus. The lattice 
ions induce a local atomie electric field, which willlead to a mixing of orbital and spin 
momenturn [29]. The electron spin flips during the processof momenturn scattering 
induced by interactions with acoustic phonons, impurities, boundaries or interfaces, 
as can beseen in figure 4.4b. Hence, the spin flip length will depend linearly on the 
mean free path, and the corresponding electron spin relaxation time Te is proportional 
to the momenturn scattering time Tp. 

The EY mechanism is considered weak in semiconductors like GaAs. In many cases, 
particularly at not too high doping levels, the EY mechanism can be neglected if 
other relaxation mechanisms are allowed. 
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Chapter 5 

Time-resolved Magnetization 
Modulation Spectroscopy 

In Time-resolved Magnetization Modulation Spectroscopy (TiMMS) a pump-probe ap
proach is used to investigate uitrafast spin dynamics [35]. Alternating left- and right
handed circularly polarized pump pulses induce a spin imbalance in a sample. This engen
ders a magneto-optical (MO) rotation and ellipticity of the linearly polarized probe pulse. 
The induced Kerr signals are received via an analyzer, detector and two lock-in amplifiers. 
In this chapter a detailed description is given of the setup of the TiMMS experiment, and 
the experimental procedure is discussed. Finally, a model for the TiMMS spectra of two
and three-dimensional semiconductors is presented. 

5.1 Setup of the TiMMS experiment 

A schematic picture of the setup of the TiMMS experiment is shown in figure 5.1. A 
tunable mode-locked Ti:sapphire laser is pumped by a 5 W solid state laser to minimize 
the optical noise. The Ti:sapphire laser generates pulses with a speetral width of about 
50 me V, and a duration of 70 fs at a repetition rate of Frep = 82 MHz. The setup does not 
contain a correction for the group velocity dispersion, so that at the sample the duration of 
the pulses is somewhat longer. The photon energy of the laser can be tuned from 1.46 eV 
to 1.70 eV. A beam splitter is used to split the pulses into pairs of pump and probe pulses 
with an intensity ratio of 5:1. A pump laser power up to 100 mW is being used in the 
experiments. The pump light is focussed on the sample with a 500 mm lens to a spot 
diameter of about d = 200 p,m and a laser fl.uence of approximately :F = 5 p,J /cm 2 . The 
probe pulses are focussed with a lens on exactly the same spot on the sample. Both pump 
and probe pulse are incident within a few degrees perpendicular to the sample surface. 
The sample is mounted inside a variabie temperature cryostat, to enable measurements at 
different temperatures from 5 K up toroom temperature (RT). The evolution of the laser 
induced spin imbalance can be measured as a function of the time, by using a delay line 
to extend the optical path length of the probe pulse with respect to the pump pulse. 
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detector · 

cryostat with 
sample holder 

Figure 5.1: A schematic picture of the setup of the TiMMS experiment, in which 
a pump-probe technique is used, to investigate ultrajast spin dynamics. 

The delay line consist of a retrorefiector mounted on a computer controlled mechanica! 
translation stage. In this section an explicit derivation is given of the output of the lock-in 
amplifiers. 

The initial electric field of the pump pulses, Epu can be represented by a Jones vector: 

Ê (t) = Epu(t) ( 1 ) 
pu y'2 1 ' (5.1) 

where the oscillating phase factor exp(c.p+i(k·r-wt)) is leftout [9]. The pump pulse passes 
through a polarizer and a photo-elastic modulator (PEM), which is set to a retardation 
of A0 . The PEM is operating at a frequency of F 1 = 50 kHz « Frep, thus the detected 
intensities can be considered as quasi-continuous. The modulation axis of the PEM is set 
at 45° relative to the linear polarization of the pump. As a consequence, the pump light is 
modulated into alternating left- and right-handed circularly polarized pulses [35]: 

(5.2) 

with A±(t) =Hl =t= iexp(iA(t))}, and A(t) = A0 cos(2nF1t). After that, the pump light 
is focussed on the sample. 

The probe pulses are modulated with a chopper at a frequency of F2 = 60 Hz « F1. 

Modulating both pump and probe leadstoa 'double modulation scheme' which impraves 
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5.1. Setup of the TiMMS experiment 

the signal-to-noise ratio as discussed at the end of this section [36]. After the chopper, the 
probe pulses with field strength Epr are polarized in the vertical direction: 

Epr(t) = Epr(t) ( ~ ) (5.3) 

again the oscillating phase factor is disregarded. 
As described in chapter 4, the alternating circularly polarized pump pulses generate a 

spin imbalance in the sample due to spin selective excitation. This spin imbalance results 
in a Kerr rotation of the linearly polarized probe pulses. The complex Kerr rotation at 
time t due to a pump pulse at time t- D..t, with D..t the delay time of the probe pulse, is 
written as: 

J(t, flt) = 8M0 (flt) sin{A(t- flt)} , (5.4) 

where eMO(D..t) = 8:Wo(D..t) + ie';,w(D..t) is the amplitude of the oscillatory induced MO 
rotation integrated over the duration of the laser pulse [9]. If the polarization of the 
pump beam is assumed to be constant during one pulse, then in the limit 8Mo << 1, after 
interaction with the sample the electric field of the probe pulse can be described with the 
Jon es vector: 

(5.5) 

The reflected probe pulses are led through a quarter wave plate (i-À-plate). The angle of 
the main axis of this i-À-plate with respect to the the main axis of the analyzer is adjusted 
to {3 = oo or 45°, to be able to measure both ellipticity, and rotation, respectively of the 
MO-signal [25]. 

After the i À-plate, the light passes an analyzer with the optical axis kept under an angle 
of a = 45° in reference to the initial polarization of the probe, before it is detected with 
a silicon photodiode. The photodiode is connected to the first lock-in amplifier, which is 
receiving the reference signal from the PEM. Afterexpanding the lock-in signal in a Taylor 
series in powers of cos(2nF1t), the de signal Vdc and the signal at the single (V1F 1 ) and 
doubled (V2F 1 ) modulation frequency on the lock-in can be expressedas [37]: 

Vdc 

Vo 
vlF1 

Vo 
1/2F1 
Vo 

2 1 - Jo(2Ao) 2 2 sin (a- {3) + 
2 

cos (a- {3) I8M0 (D..t)1 , 

2J1 (A0 ) { cos(2(a- {3))8~0 (D..t) + sin(2(a- {3))8:
0

(D..t)} 

_ J2(2Ao) IG (D.. ) l2 
2 MO t ' 

(5.6) 

(5.7) 

(5.8) 

where ln is the nth order Bessel function, and Va is a sealing factor. In general, V2F 1 can 
be neglected, because the induced rotations are very small (I8Mol <<lal« 1). Therefore, 
normally V1F 1 is used to measure the spin dynamics. 
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lf the angle of the main axis of the ~À-plate with respect to the initial probe polarization 
is {3 = oo, then e:o is the only term present and the ellipticity is measured. To be able 
to measure rotation, the angle is set to {3 = 45°, in which case 8:V

0 
is the nonzero term. 

The ViH output of the first lock-in amplifier is connected to the input of the second 
lock-in amplifier, which receives the reference signal from the chopper. The output of the 
second lock-in amplifier is proportional to V1F 1 of equation 5. 7. Potential contributions 
from scattered pump light towards the detector are rejected because pump light does not 
pass the chopper. 

Finally, a computer system records the output of the second lock-in amplifier, which is 
proportional to the pump-induced change in probe polarization due tothespin imbalance, 
and free of scattered pump light. 

5.2 Procedure of a TiMMS measurement 

In this section the procedure for the optical alignment prior to the TiMMS experiment is 
described, as well as the schemes for measuring the spin and carrier dynamics separately. 
It is found that especially the alignment of the delay line and the overlap of the laser spots 
of the pump and probe pulse are crucial. 

In the first place, the translation direction of the delay line and the direction of the 
probe light have to be identical, to prevent that the laser spot of the probe pulse on the 
sample is shifted when the retrorefiector is translated. In all the experiments the position 
of the probe spot on the sample was not shifted more than a few percent over the entire 
time loop of the delay. 

After that, the position of zero-delay is determined with a delay time scan of a sample 
with a known resonant energy at the applied temperature. When the probe pulse arrives 
befare the pump pulse, say at negative delay times, there is no MO-signal. Then, at a 
certain moment, denoted zero-delay, the pump and probe pulses arrive at the same time 
on the sample. As a consequence an almast instantaneous increase in the MO-signal can 
be recognized. Now, zero-delay is the position at which this signal has its maximum. For 
positive delay times this signal decays again. 

Next, the overlap of the pump and probe pulseis optimized. In order to obtain overlap, 
the retrorefiector is set at a position for which the delay time is about !:lt ~ 5 ps after 
zero-delay, and the laser is tuned to the resonant energy of the sample. Initially, a coarse 
overlap can be obtained by moving the spots on top of each other by eye, because of the 
relatively large laser spots of roughly ~ 200 J.Lm. After that, this overlap is optimized 
by adjusting the alignment by maximizing the magnitude of the MO-signal. When the 
alignment is correct on the reference sample, the sample under investigation can be placed 
in the cryostat and a final alignment step can be performed. The alignment is verified 
regularly during the measurements. 

Besides the spin dynamics of the carriers, also the charge carrier dynamics is dormant in 
the measured decay of the MO-signal. The measured relaxation timeT M is a combination 
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of the spin relaxation time T8 , and the recombination time Tr· The relation is given by: 

1 1 1 
-=-+
TM Ts Tr 

(5.9) 

For a proper interpretation of the TiMMS experiment, knowledge of the electron-hole 
recombination time is required. To enable measurements of this electron-hole recombina
tion time, the setup has to be modified for non-magnetic transient refl.ection experiments 
[9]. 

Accordingly, a polarizer is placed directly after the PEM in the pump pulse. The 
polarizer is set in a crossed orientation with respect to the original pump polarization. As 
a result, the pump pulses are blocked at the instanee that the PEM retardation passes zero 
and the pump is linearly polarized. Part of the pump pulse will be transmitted, when the 
pump pulses are circularly polarized with a left and right handedness. 

Thus, insteadof the polarization, the intensity of the pumppulseis modulated at twice 
the modulation frequency of the PEM. Therefore, in this configuration the V2F 1 signal is 
considerable and the second harmonie can be used to measure the non-magnetic transient 
refl.ection. So, the charge carrier dynamics can be revealed if the setup is adapted for the 
transient refl.ection configuration. 

5.3 Model for the TiMMS spectrum 

The optical properties of semiconductors have a strong energy dependency. So, if a TiMMS 
study is used to investigate the spin dynamics in semiconductors, it is important to be ac
quainted with the speetral dependenee of the TiMMS measurement. In this section a 
model is presented that describes the speetral dependenee of the TiMMS measurement af
ter thermalization, that is, at time t larger than the thermalization time but smaller than 
the spin relaxation time, Tth « t « T 8 • For simplicity, theexciton dynamics is disregarded 
in this model. Initially, the non-degenerated case is considered. However, ultimately the 
degenerated case of an equal pump and probe laser energie is used, tuned at an energy 
slightly above the band gap as in the TiMMS experiment. 

First, the density of states (DOS) in case of a two-dimensional (2D) structure with band 
gap E

20 
and of a three-dimensional (3D) structure with a gap energy E

30 
are considered. 

In figure 5.2a and b these DOS are presented. The 2D DOS n
20 

is constant for every 
sub-band, and the 3D DOS is proportional to n30 ex JE- E30 [39]. 

In the TiMMS experiment, the pump pulses generate a spin imbalance due to spin 
selective excitation. The induced difference in oscillator strength for alternating circular 
polarization is given by the joined density of states profile [38]. When the laser is tuned 
at an energy hwpu, then the normalized speetral distribution of the pump pulse with a line 
width r pu can be approximated by a Gaussian: 
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1 nw- nwpu 
( ( )2) Ipu(nw) = J7iTpu exp - fpu 

hw 
P" 

f\ .. .. 
:' :. 

c) 

E 

d) 

-- E 

I 

I• 
I·. 

(5.10) 

E 
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Figure 5.2: A schematic presentation ofthe DOS (n) and accupation distribution 
(!) right aft er excitation for a a) 2D structure and a b) 3D structure, and in 
case of t » tth again for a c) 2D structure and a d) 3D structure. Solid and 
dashed lines are n, dotted lines are f. 

The laser light is absorbed by the sample, the net absorbtion A(wpu) of the pumppulseis 
given by: 

= ( 2) C1 E- nw u 
A(wpu) = .j1ffpu J dEn(E) exp - ( fpu P ) 

Eo 

(5.11) 
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where C1 is a sealing factor that scales with the laser power, and n(E) is the density of 
electronic states with n = n 2 v if a 2D structure is considered and n = n 3 v in the 3D 
case. lf the 2D situation is considered then E0 = E 2v, and in the 3D case E0 = E3v. The 
excited holes, and electrans will thermalize to the top of the valenee band and bottorn of 
the conduction band, respectively. Some time after thermalization but before significant 
spin relaxation has set in, say ith « t « t 8 the thermal accupation of electronic states at 
temperature kB T can be expresses as: 

(5.12) 

and, 

2JE-E3v ( E-E ) 
hv(Wpu, E) = A3D(wpu) kBT3/2J1f exp - kBT2D (5.13) 

respectively, as shown in figure 5.2c and d. 
The circularly polarized pump pulses generatea spin polarization that induces the off

diagonal elements ofthe dielectric tensor 2.13. Basedon equations 2.20 and 2.21, the pump 
induced differences of dielectric elements for right and left circularly polarized light can be 
defined as: 

(5.14) 

where C2 is a constant independent of the laser intensity, and "!is a damping factor. Now, 
assume a single oscillator, and letting "! ----t 0, then the imaginary part reads: 

J7F /
00 

( (fïw -fïWpr)
2

) ____;~r- dwexp - r f(wpu,fïw) . 
2Wpu pr pr 

-oo 

(5.15) 

Furthermore, the real part is zero at Wpu and exhibits a rapid variation in the neighborhood 
of the absorbtion line fïwpu [ 40]. In accordance with the Kramers-Koning relations, the re al 
part can be written as: 

C2 Joo dwexp (- (nw -fïwpr)
2

) Joo dE f}wpu,E)
2 J7[fpr fpr E - (fïw) 

-00 ~ 

(5.16) 
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Depending on the angle of the main axis of the ~À-plate with respect to the initial probe 
polarization, the TiMMS experiment is configured to measure the <J(€+- €_), ~(€+- €_), 
or a linear combination thereof. In the following the degenerate case, WL = Wpu = Wpr 

is considered. Figure 5.3 shows the simulated pump induced MO signal in a degenerate 
TiMMS experiment. The solid line in figure 5.3 depiets the case when <J(€+ - €_) is 
measured and the dashed line represents a ~(€+ - €_) measurement. 

To relate (€+- L) with êMo an generalized Fresnel coefficient Fis introduced [41], F 
depends on all details of the experiment al configuration and the sample layout. The relation 
between the MO-signal of the TiMMS experiment and the pump induced differences of 
dielectric elements can be expressed as: 

eMO = F!:::,.€(wL) = F(€+- €_) ' 

where F is a complex generalized Fresnel coefficient. 

(5.17) 

~ 

::i 
..0 
~ 
w 

<:1 
....... 
0 

'g 
0. 

~ 

"' .s 
OJ) 

"' .§ 
"0 

<= 
"' '" Q) 

~ 

2D 3D 2D+3D 

1.0 ,-' 
_,..,. -M -!!r.' 

f ' 
---. L\_g" --- · tu:" ---- ó&" 

f ' f ' 0.5 
f 

f 
I 

0.0 

-0.5 

1.4 1.7 1.4 1.5 1.6 1.7 1.4 1.5 1.6 1.7 

Energy (eV) Energy (eV) Energy (eV) 

Figure 5.3: The simulations of the MO signal in a degenerate TiMMS experi
ment in case ij <J(€+ - €_) (solid line) or ~(€+ - €_) ( dashed line) is measured. 
The parameters used are E 2v = 1.490 e V, E3 v = 1.425 e V, r = 25 me V, 
and kB T = 26 me V. Furthermore, F2 v = 1 and F3v = i is used. 

It is beyond the scope of this thesis to fully analyse this generalized Fresnel coefficient. 
However, some aspects are clarified to explain the speetral dependenee of the TiMMS 
measurement. In figure 5.4 a schematic sample structure is shown that is illuminated with 
linear polarized light. 

Assume that Exx = È for the entire sample, and further that only the infinitesimally 
thin QW and the bulk material have a pump induced off-diagonal element of (€+ - €_ )Qw, 
respectively (€+ - €_ )B. The well has a width of Lz « ÀL, with ÀL the wavelength of the 
laser. The QW is at a distance tQw from the surface and the bulk material at distance tB. 

Around the band gap of the semiconductor, the refiection coefficient is assumed to 
be real, that means the Jones vector of beam 1 is proportional to (0) with r real. It is 
emphasized that due to the assumption of a constant È throughout the sample, only a 
refiection at the outer surface takes place. 
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l 2 J. 

V''''// // 
.. 

Figure 5.4: A presentation of a sample structure with at a distance tQw from 

the surface a thin QW of width Lz with a dielectric constant of EQw and at t
8 

bulk material with E 
8 

. 

A probe pulse that propagates through the sample will experience a MO interaction 
with both the QW and the bulk. The laser induced (€+- €_) originates only from these 
regions, because E is assumed constant for the rest of the medium. After the probe pulse 
has propagated a distance tQw through the sample, the resulting refiections from the QW 
(beam 2.) can be written as the Jones vector: 

(5.18) 

A part of the light interferes with the bulk material, which is supposed to be infinitely 
thick. The conesponding expression of the Jones vector for beam .il is given by: 

Ê1 oe (E+- <-)" z exp( -2ik,z)dz ( ~ ) 

oe (€+- €_) 8 2~z exp(-2ikzt8 ) ( ~) (5.19) 

According to equations 5.17 and 5.18 the induced MO-signal from the QW is fully defined 
by: 

Lz ( . ) F2v =- exp -22kztQw , 
r 

(5.20) 

where the bulk signal (equation 5.19)is: 

(5.21) 
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Figure 5.5: A graph of the MO-signal as a function of the energy fora 1017 Si 
atoms per cm3 doped 1 nm GaAs/ A lAs Q W structure on a GaAs substrate 
( G 2613) at 5 K, in the rotation and ellipticity configuration. 

From equations 5.20 and 5.21 it can be concluded that the response of the bulk contri
bution has an additional fase shift of 90° compared to the QW contribution. 

As an illustration the graph of the MO-signal as a function of the energy is shown in 
figure 5.5 for a 1017 Si atoms per cm3 doped 7nm GaAs/ AlAs QW structure on a GaAs 
substrate (G2673) at 5 K. The speetral dependenee is plotted in both configurations. That 
is, if the ~À-plate is set at f3 = 0° the e:o signalis non-zero and the ellipticity is measured. 
On the other hand if f3 = 45°, then 8~.w has a finite value and the rotation can be measured. 
In the f3 = oo plot a maximum is observed at E = 1.588 eV, this energy is identified as 
the resonant energy of the QW E2v· The energy of the minimum E3v = 1.532 eV is 
recognized as that of the bulk GaAs, because the minimum is at the lowest energy. At the 
two resonant energies f3 = 45° plot crosses the zero axis, like predicted by equation 5.15 
and 5.16. 

For a more detailed analysis, the additional phase factor appearing in equation 5.20 
and 5.21 should betaken into account. If a marginal effect of the As cap is assumed, then 
it can be found from table 6.1: 

tQw = 9.5 nm =? exp(-2ikztQw) = exp(-i4~~~·5 ) = exp(-i0.19n) ~ exp(-i35°) , 

and 

Thus, an additional phase difference of approximately 45° between the QW and the bulk 
signal is to be expected. 
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Chapter 6 

Spin relaxation in GaAs and hybrid 
GaAs/Fe structures 

In the previous chapter a description is given of the Time Resolved Magnetization Modula
tion Spectroscopy (TiMMS) measurements, which can be used to investigate the dynamic 
behavior of spin-polarized carriers injected into semiconductor structures, for instanee spin 
relaxation times. These spin relaxation times have to be sufficiently long, in order to use 
the spin as the carrier of information in spintronie devices. 

It is known that the electron spin relaxation time can be extended by adding n-type 
doping, because the chemically doped electrans recombine very fast with the optically 
excited holes and therefore eliminate the efficient electron-hole scattering [42]. There is 
sort of an optimum in the electron spin relaxation time as a function of the doping density, 
the maximum value of the relaxation time is reached just above the metal-to-insulator 
transition (MIT). The reason for this is that at that density the mobility of the electrans 
is very high, and therefore the D'Yakonov-Perel (DP) mechanism is weak [43]. An other 
issue that is investigated, is the existence of a coupling between the electron spin in the 
QW and the electron spin in a thin ferromagnetic film on top of the QW structure. Until 
now, there is only tosome extent knowledge of the infiuence of a ferromagnetic film on top 
of semiconductor structures. 

In this chapter, first the layout of the samples that were investigated is described. Fur
thermore, the results of undoped bulk GaAs are considered, because it is used as substrate 
material in all the experiments, and as such contributes to the MO-signal in the TiMMS 
measurement. The outcome of these measurements is used to identify the distinct QW and 
bulk contributions. After that, the results of a reference sample with an undoped QW and 
without an additional Fe layer (G2573) are discussed. Then, the results of the infiuence of 
the n-type doping of the QW are given. Finally, the results are considered of the samples 
with the Fe layer. 
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6.1 Layout of the samples 

To study the influence of n-type doping, samples are grown by molecular beam epitaxy 
(MBE) at IMEC in Leuven. The samples were grown on an undoped (001) GaAs substrate 
and consist of a GaAs QW which is sandwiched between an AlAs barrier. The GaAs QWs 
of three samples (G2673, 2699, and G2776) are doped with 1017 Si atoms per cm3 , and as 
a reference sample, also an undoped sample (G2573) was grown. 

Name iBulk i7QW i7QW8Fe n7QW n7.7QW4Fe n7.5QW 
Sample - G2573 G2582 G2673 G2699 G2776 

Structure A B c D E F 
Substrate - intrinsic intrinsic p-doped p-doped intrinsic 

GaAs buffer (nm) - 150 15 500 333.3 300 
AlAs (nm) - 10 10 10 11.8 10 

GaAs QW (nm) - 7 7 7 7.7 7.5 
Si atoms/cm3 - - - 1017 1017 1017 

AlAs (nm) - 4 4 4 4.7 4 
GaAs layer ( nm) - 2 2 2 2.2 2 

As capping ( s) - 240 240* 300 300* 240 
Fe (nm) - - 8 - 4 -

.. I * The As cap was removed befare the depos1tlon of the Fe layer. 

Table 6.1: A n overview of the composition of the samples that are investigated. 

The existence of a coupling between the electron spin in a QW and the electron spin 
in a thin ferromagnetic film on top of that QW structure is also examined. Therefore, a 
thin Fe film is grown on top of two of the QW structures. The GaAs/ AlAs QW of sample 
G2582 is undoped and has a film thickness of 8 nm, whereas sample G2699 is doped and 
has a Fe layer of 4 nm. Table 6.1 gives an overview of the composition of the samples, and 
a schematic representation of the layout of the samples is given in figure 6.1. 

6.2 Bulk GaAs 

All the samples that are investigated have a GaAs substrate. As a consequence, the TiMMS 
measurements show a kind of background signal due to the bulk GaAs. More specifically, 
spin polarized electron-hole pairs are excited in the substrate materiaL The electrans 
thermalize to the top of the conduction band and the holes to the bottorn of the valenee 
band, respectively. There the electrans and holes are off-resonantly probed by the laser 
that is tuned to the QW band gap. In order to distinguish between the QW and bulk 
contribution, also TiMMS measurements are performed on a bulk sample. In figure 6.2 the 
normalized data of two measurements are plotted. The data are normalized by dividing 
all the data points by the value at t = 0 ps. Next, the electron spin relaxation time is 
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A B c 

Fe 

As 

GaAs 

p-doped GaAs substrate 

Figure 6.1: A schematic representation of the layout of the samples under in
vestigation 

determined by fitting the data for t > TB,h the hole spin relaxation in the bulk with a single 
exponential decay fit. 

The TiMMS measurement at 5K and an energy of the laser light of 1.516 eV produced 
TB,e = 200 ps. At RT and EL = 1.425 eV the absolute value of TB,e was about 25 ps, 
this is slightly above literature data presented by Kirnel [45] that showed a relaxation time 
between 5 and 10 ps for intrinsic GaAs. 

TiMMS experiments of sample iBulk are performed for a temperature range from 5 K 
to 300 K. The outcome of these measurements are plotted as a function of the temperature 
in figure 6.3. The graph shows that at T < 75 K the electron spin relaxation rate, TB,e - 1 , 

is approximately independent of the temperature. The electron spin relaxation time of 
bulk GaAs, TB,e at low temperatures is saturated around 300 ps as indicated by the dotted 
line. This corresponds with results in earlier reports [25]. The behavim is consistent 
with the dominanee of the BAP mechanism, for which the spin relaxation is considered 
to be due to the excitonic electron-hole exchange interaction. The wave functions of the 
electrans and holes have a large overlap, and are bound in an exciton. The spin of the 
electrans presumably relaxes due to electron-hole scattering, thus the BAP mechanism is 
the responsible mechanism for T < 50K, as described in chapter 4. 

For about T 2:: 100 K, TB,e - 1 increases with increasing temperature. For this tem
perature regime theory prediets that the DP mechanism is the leading spin relaxation 
mechanism. According to the DP mechanism, the spin relaxation rate has a temperature 
dependenee of TB,e - 1 ex T 3Tp ex T3+n, where a dependency of Tp ex Tn is assumed. Nor
mally, for bulk GaAs and a temperature above 100 Kit is considered that n ~ -1 [46]. 
The data are fitted with the following model: 
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_1_ = cT3+n . 
TB,e 

(6.1) 

The best fit for the phenomenological parameter n gives n = -0.8 ± 0.2 ( dashed line 
in figure 6.3), which is in good agreement with the DP mechanism, and the T-dependence 
of Tp ( n = -1) as discussed. 
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Figure 6.2: The plots of the normalized data of a TiMMS measurement of sam
ple iBulk at T = 5 K and EL = 1.516 e V (0), and at T = 300 K and a 

wavelength of the laser light of 1.425 e V (•) l). 

6.3 Intrinsic GaAs/ AlAs QW 

Now, assume that the MO-signal of a TiMMS measurement of a sample with a QW struc
ture is the sum of the separate contributions of the QW and the bulk. Then, by means of 
the model for the TiMMS spectrum, which is described in chapter 5, it should be possi
ble to distinguish between those contributions by performing TiMMS measurements as a 
function of the photon energy of the laser light. The spin relaxation of holes is very fast 
compared to that of the electrons, especially at elevated temperatures. So, if the contri
bution of the hole spins is neglected by concentrating on t » Ts,h, then the MO-signal can 
be written as the sum of two exponential decay functions: 

w(t, E) = Wo+ AQw,e(E) exp( -t/TQw,e) + AB,e(E) exp( -t/TB,e) ' (6.2) 

1 A step like structure between -20 ps an +20 ps can be distinguished, that has been interpreted as a 
degenerate forward mixing effect of interfering waves inside the GaAs wafer 
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Figure 6.3: The graphof the electron spin relaxation rate of sample iBulk, Ts,e -l 
as a function of the temperature. 

with AQw,e and As,e the amplitudes of the QW and bulk contribution, respectively, at 
energy E, and TQw,e and Ts,e the corresponding decay times of the electron spins. It is 
expected that the spin relaxation time is not depending on the energy of the laser light, 
because after thermalization the distribution of the excited electron-hole pairs becomes 
independent of 1iw. Thus, the decay times TQW,e and Ts,e must be the same for all the 
energies, and only the amplitudes vary as a function of the energy. In figure 6.4a the data 
of the measurements of sample i7QW (G2573) are fitted with second order exponential 
decay functions, which have the same decay times TQw,e and Ts,e at different energies and 
ambient temperature. 

The amplitudes of the QW contribution and the contribution of bulk GaAs are plotted 
in figure 6.4b, also indicated is the result of a photoluminescence (PL) measurement. The 
figure shows that the amplitude of the QW contribution is maximal at the resonant energy 
of the QW, which is slightly above the energy peak of the photoluminescence peak, E0 . 

Furthermore, it it is found that the bulk contribution is not depending on the energy in 
the vicinity of the resonant energy of the QW, but it does contribute to the MO-signal. 
The second order exponential decay fits had a high reliability, and accordingly are in good 
agreement with the data of the TiMMS measurement. Thus, the assumptions are valid 
and the model corresponding to equation 6.2 seems applicable. 

The values of the electron spin relaxation time of bulk GaAs that are derived accord
ing to this method differ a little from the result of the direct measured Ts,e of the bulk 
GaAs sample as can be seen in figure 6.5. In case of sample n7QW (G2673) and sample 
n7.7QW4Fe (G2699) the reason can be the p-type substrate. For sample n7.5QW (G2776) 
the problem could be related to an experimental artifact that occurred doing this specific 
measurement. The artifact is caused by acoustic waves radiated by the PEM, that induced 
a vibration of any of the optical components, causing a 50 kHz modulation of the probe 

45 



a) 

.-., 
::i 1.0 

~ 
-.; 
§, 0.5 ·;;; 
-.; 

·~. 0.0 
B 
<!) 

~ 
~ -0.5 

0 

Chapter 6. Spin relaxation in GaAs and hybrid GaAs/Fe structures 

o E
1 
~ 1.540eV • E

2 
~ 1.53lcV 

e E
3 
~ 1.527eV o E

4 
~ 1.52JcV 

tJ. E, ~ 1.512eV A E, ~ 1.503cV 
v E

7 
~ 1.494eV 

50 100 150 

Delay time (ps) 

b) 
EO 

0 QW ! 
b· 1.5 ; " 

Bulk 
; 'l • ; 
; 
! 

1.0 ' ; 
; Q ; q· ! 

0.5 1· 
.; 

.-., 
::i 

~ 

i <C 0.0 1-<:>:-:-:-~-ö-------'~---------j 

' ; 
-0.5 _._ - - - "ll- - -1 ~- - - - _,_ - _,_ -.- - - - --- -

; 

1.49 1.50 1.51 1.52 1.53 1.54 

Encrgy (cV) 

Figure 6.4: The graphs of sample i7QW (G2573) of a) asecondorder exponen
tial decay fits with times TQw,e and TB,e the same for TiMMS measurements at 
RT and different energies of the laser light, and b) the amplitudes of the Q W, 
and the bulk contribution as a function of the energy. The electron spin relax
ation times are TQw,e = (27 ± 5) ps and TB,e = (35 ± 5) ps. The vertical line at 
nw = E 0 indicates the position of the P L peak. 

beam that was received by the detector during the TiMMS experimentsof sample n7.5QW. 
This leads to a high noise level and an instable signal. 

Leaving out the results of n7.5QW, a decrease of TB,e with increasing T can be con
cluded, for T ~ 100 K. At this temperature regime for which the DP mechanism is the 
most important relaxation mechanism, the TB,e of the p-doped material is larger than that 
of the intrinsic bulk materiaL This is probably due to the more effective momenturn scat
tering for the doped material, which according to equation 4.3 leads to a less efficient spin 
relaxation. At low temperatures the electron spin relaxation time stahilizes for the intrinsic 
material, while for the p-doped substrate the TB,e drops to a value of about 100 ps. This 
can be explained by the BAP mechanism, by which the spin scatters due toa simultaneous 
spin flip of the electron and the hole. The BAP mechanism is known to be very efficient 
for p-type material at low temperature [44]. 

After having demonstrated how the QW and the bulk contribution are separated, the 
discussion continues with description of the QW dynamics. In an earlier study by Van Driel 
[25], the electron spin relaxation time was determined as a function of the temperature for 
the reference sample i7QW, which is an undoped 7.0nm GaAs/ AlAs QW sample without 
a Fe layer on top of the structure (G2573). The results of this study are used and plotted 
as TQw,e -l in figure 6.6. 

At low temperatures a behavior similar to that of bulk GaAs can be noted. For the 
transition region from bound excitons to free electrons, at the temperature range 50 K 
< T < 200 K neither the BAP nor the DP mechanism is responsible for the electron spin 
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Figure 6. 5: The graph of the electron spin relaxation time of bulk GaAs as 
a function of the temperafure for the samples n7QW (G2673), n7. 7QW4Fe 
(G2699), and n7.5QW (G2776) campare with the direct measured TB,e of the 
bulk sample. 

relaxation. In literature a phenomenological temperature dependenee of TQW,e - 1 ex: r-2/ 5 

is reported by Muîioz [32]. This dependency is also shown in figure 6.6. The determined 
TQW,e - 1 seems in good agreement with the T-2/ 5 proportionality. 

• G2573 
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Figure 6. 6: The graph with the results of an earlier study of the reference sample 
i7QW (G2573) of the electron spin relaxation rate, TQW,e - 1 as a function of the 
temperafure and the trend lines for two different the temperafure regimes. 
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At the high temperature region, the model that is used to fit the data is described with: 

_1_ = cT1+n . 
TQW,e 

(6.3) 

The phenomenological parameter is appointed as n = -0.5 ± 0.1 for this fit. So, the 
data show a temperature dependenee that is proportional to T 112 . At T > 100 K an 
independency of T, indicating a r- 1 dependenee of Tp for the electron spin relaxation rate 
was reported by Malinowski [46]. 

6.4 Influence of n-type doping on the electron spin 
relaxation 

The infiuence of n-type doping on the electron spin relaxation time is investigated for 
two samples, both are doped with 1017 Si atoms per cm3

. The difference between the 
two samples is the substrate and the well width, sample n7QW (G2673) has a width of 
Lc2673 = 7.0 nm and the width of sample n7.5QW (G2776) is Lc2776 = 7.5 nm. In figure 
6.7 the normalized data of the TiMMS measurements at T = 5 K, and at T = 225 K of 
both samples are plotted. 
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Figure 6. 1: The plots of the normalized data of the TiMMS measurements to 
study the infiuence of n-type doping at T = 5 K (D), and at T = 225 K (•) for 
sample a) n'lQW (G2613) and b) n1.5QW (G2116). 

The absolute value of the electron spin relaxation time in the QW at a temperature 
T < 75 K is approximately (75 ± 10) ps for sample n7QW, respectively (50 ± 30) ps for 
sample n7.5QW. The fact that the electron spin relaxation time is shorter for the wider 
wellis opposed to the expectations. Yet, the not shown non-magnetic transient reileetion 
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experiments provided an electron-hole recombination time of about Tr ~TM 2), according 
to equation 5.9 this could indicate that the BAP mechanism is extremely effective. On the 
other hand, if the high noise level due to the acoustic vibrations is taken into account, then 
this can be noted as an artefact of the measurements. Due to the noise problems, there 
are no results available for sample n7.5QW for the temperature range T < 225 K. 

Moderaten-type doping should significantly enhance the TQw,e, according to Awschalow 
[42]. However, the electron spin relaxation time of sample i7QW (G2573) is roughly 80 ps 
at T = 5 K, which is of the sameorder as sample n7QW (G2673). Also at RT the TQW,e 

of the doped sample is of the sameorder as the undoped sample, namely about 25 ps, and 
30 ps, respectively. A reason for this deviation from the general accepted proposition could 
be that the doping density is chosen too high. 
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Figure 6.8: A Plot of literature data [43} of the electron spin relaxation time as 
a function of the doping density for bulk GaAs at low temperatures. 

This is argued on account of the plotted literature data in figure 6.8. At a doping density 
of 1017 atoms per cm3 indicated with the verticalline, the graph of the relaxation time as 
function of the doping density already has a negative slope, indicating to be too far above 
the MIT for this density. However, a more plausible cause is that the n-type doping 'leaks' 
through the AlAs harrier andrecombines with holes in the depleted GaAs buffer. 

It is reported that, also in n-type doped GaAs QWs, the DP mechanism is the dominant 
spin scatter mechanism forT> lOOK. According to Ohno, TQw,e - 1 increases as a function 
of the temperature in a 5.3 1016 atoms per cm3 n-doped 7.5nm GaAs (100) QW [47]. The 
TQW,e -

1 of the samples with well width Lc2673 = 7.0 nm and with Lc2776 = 7.5 nm are 
plotted in figure 6.9. 

Observing the graph, the plot of sample n7QW shows a totaly different behavior at 

2For the temperature range T ::; 50 K, the electron spin relaxation time could not properly be deter
mined, because TM ;::::: Tr 
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the free carrier regime than sample n7.5QW. The phenomenological parameters that are 
obtained with the model of equation 6.3 aren= -0±0.1 in case of sample n7QW (G2673), 
and n = -1.3 ± 0.1 for sample n7.5QW (G2776), respectively. Although the width of the 
QW also has an influence on the electron spin relaxation time, the distinction in behavior 
as a function of the temperature cannot be explained by the difference in well width. The 
reason for this is that the mechanism that depends strongly on the well width is the BAP 
mechanism, and for the region T > 100 K the BAP mechanism is of minor importance. At 
low temperature the results show a more or less constant TQw,e - 1

, again pointing out that 
the BAP mechanism is the leading scatter mechanism for T < 50 K, which is in agreement 
with the theory. 
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Figure 6. 9: The graph of the electron spin relaxation rate, TQW,e - 1 as a function 
of the temperature, for the 1017 Si atoms/cm3 doped GaAs/AlAs QW samples 
n7QW (G2673), and n7.5QW (G2776). 

6.5 Coupling between spin in a GaAs/ AlAs QW and 
a Fe film 

The existence of a coupling between the electron spin in the GaAs/ AlAs QW and the spin 
in a thin Fe film on top of the well is investigated. In an earlier study of an undoped 
7 nm GaAs/ AlAs QW sample with a 8 nm Fe film on top of the structure (G2582) it was 
found that although a large part of the probe beam was reflected at the Fe layer, the MO
signal from the buried QW had sufficient amplitude to measure the spin relaxation time. 
The study revealed an increase of the spin relaxation rate as a result of the Fe film. The 
increase in relaxation was attributed to the dipole-dipole interaction between the electron 
spins in the QW and spins in the Fe film. Regrettably, it turned out that the experiments 
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on sample i7QW8Fe where rather inaccurate, leading to some doubts about the detailed 
interpretation. 
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Figure 6.10: The plots of the normalized data of the TiMMS measurements to 
investigate the infiuence of a thin Fe film on top of the QW at T = 5 K (D), 
and at T = 300 K (•) for sample a) n7QW (G2673) and b) n7.5QW (G2776). 

Therefore, a 1017Si atoms/cm3 doped 7.7 nm GaAs/ AlAs QW structure was grown with 
a Fe layer of 4 nm on top (G2699). Ifthe n-doping would lead to an increased spin scattering 
time, it should make identification of even weak interactions with the Fe overlayer easier. 
In figure 6.10 the normalized data are plotted of the TiMMS measurements at T = 5 K, 
and at T = 300 Kof the samples i7QW8Fe and n7.7QW4Fe. The electron spin relaxation 
time of sample i7QW8Fe (G2582) was around 40 ps at 5 K, and roughly 10 ps at RT. While 
the TQw,e of sample n7.7QW4Fe (G2699) was found to be 80 ps at 5 K, and approximately 
55 ps at ambient temperature, respectively. The outcome of the TiMMS measurements 
as function of the temperature of the samples i7QW8Fe and n7.7QW4Fe are depicted in 
figure 6 .11. 

At low temperatures the electron spin relaxation mechanism is again excitonic, point
ing out that the BAP also is the dominant relaxation mechanism for hybrid ferromagnet
semiconductor QW structures. Furthermore, figure 6.11 shows that the increase of the 
electron spin relaxation rateis more evident for the undoped i7QW8Fe sample in contrast 
to the n-doped n7.7QW4Fe sample. The temperature dependency of the doped sample 
n7.7QW4Fe and undoped sample i7QW8Fe in the free carrier region are dissimilar. Fit
ting the data for T > 100 K of sample i7QW8Fe (G2582) with model 6.3 produced a 
phenomenological parameter of n = 0.2 ± 0.1. The phenomenological parameter generated 
by the fit model 6.3 of sample n7.7QW4Fe is the same as that of sample i7QW, namely 
n = -0.5 ± 0.1. So, sample n7.7QW4Fe (G2699) demonstrates a comparable temperature 
dependency of the electron spin relaxation rate as the reference sample i7QW (G2573). In 
addition, also the electron spin relaxation times are comparable. At 5 K the TQW,e of sam-
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Figure 6.11: The Plots of the electron spin relaxation rate, TQw,e -l as a function 
of the temperature for the samples with a Fe film on top of the Q W structure, 
compared with the reference sample i7QW in case of a) i7QW8Fe (G2582} and 
b} n7. 7QW4Fe (G2699}. 

ple i7QW was about 80 ps, and 30 ps at RT. In conclusion, although previous experiments 
showed a significant enhancement of the electron spin relaxation rate for the Fe covered 
QW structure (figure 6.11a), this could not be reproduced (figure 6.11b). 

6.6 Discussion 

The influence of n-type doping on the spin dynamics in GaAs QWs, and the existence of 
a coupling between the electron spin intheGaAs QW and the electron spin in a thin iron 
film on top of the QW structure has been investigated with the TiMMS experiment as 
a function of temperature. The outcome of those measurements were not unambiguous. 
Therefore, in this section the results are discussed in more detail. 

First, the influence of the n-type doping is considered. Chemically doped electrans 
recombine very fast with the optically excited holes and therefore eliminate the efficient 
electron-hole scattering [42]. As a consequence, at the temperature regime T < 50 K the 
electron spin relaxation time of n-type doped QW samples should be slower than intrinsic 
QW samples, because the BAP mechanism is resisted. However, this has notbeen found. 
The electron spin relaxation time of sample n7QW is of the same order as that of i7QW, 
while sample n7.5QW even has a faster relaxation. The reason for this is that the electron 
spin relaxation time of sample n7.5QW could not properly be determined, because the 
electrans and the holes recombined before the spin relaxed. This is substantiated on 
basis of the resulting recombination times of the transient reileetion measurements, which 
were of the same order as the measured spin relaxation time. At higher temperatures, 
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Figure 6.12: Schematic illustration of a) the depletion of the QW and the band 
bending in a p-type substrate and b) leaking of the n-type doping through the 
barrier, and across the Schottky. 

say T > 75 K, the overlap of the electron and hole wave functions decreases, and the 
recombination time increases. For this temperature range the TQw,E of sample n7.5QW 
is indeed enhanced, in comparison with the intrinsic sample i7QW. This in contrast with 
sample n7QW, which has a electron spin relaxation time of roughly the same order as 
sample i7QW. This can certainly not be caused by the doping density of 1017 Si atoms per 
cm3 , because sample n7. 7QW has the samedoping density. 

Probably the p-doped substrate gives rise to the annihilation of the n-doping. If a 
doping density of 1018 Zn atoms per cm3 is assumed for the GaAs substrate, and the 
intrinsic GaAs buffer is considered to have an impurity density such that NA>> ND, then 
it is plausible that the GaAs buffer is depleted completely [48]. Additionally, the AlAs 
barrier is only 10 nm thick. As a result the chemically doped electrons can tunnel through 
the barrier andrecombine in the depleted GaAs buffer layer. The depletion of the QW and 
the band bending in a p-type substrate is schematically illustrated in figure 6.12a. For the 
future, it is recommended to use undoped substrates, or use n-doped GaAs buffer layers 
to prevent the annihilation of the n-doping in the GaAs QW. 

Also the studies on a coupling between the electron spin in the QW and the electron spin 
in the thin Fe film on top of the GaAs/ AlAs QW structure did not lead to unambiguous 
results. The results of the TiMMS experiments on the n-type doped n7.7QW4Fe sample 
showed no effect of the Fe layer. Probably, similar problems with depletion of the QW 
have occurred forthese studies. Namely, sample n7.7QW4Fe has a spin behavior that is 
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comparable with that of the intrinsic i7QW sample, and this sample too has a p-type doped 
substrate. Therefore, on the same grounds the n-doping is considered not to be effective. 

It is argued that the n-type doping 'leaks' through the narrow 4 nmAlAs barrier and 
the 2 nm GaAs, and crosses the Schottky barrier to disappears in the Fe layer, as illustrated 
in figure 6.12b. Probably, a minimum value of the doping density, required to achieve a 
situation of a flat band potential, is needed to over co me this problem. However, this is 
not yet extensively investigated. 

In conclusion, the actual doping density in the QW strongly depends on the nature and 
thickness of the layers in the neighborhood of the QW. It is recommended to investigate 
the influence of the surrounding area of n-doped QW in more detail. 
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Chapter 7 

Conclusions and Outlook 

The first part of this thesis describes the engineering of magnetic anisotropy of thin ferro
magnetic films on semiconductor substrates. After the succeeded pilot study of a 5 nm Fe 
film on a InGaAs/GaAs quanturn well (QW) structure, a sample was grown with a 5 nm 
Ni layeron the InGaAs/GaAs QW structure. First, this sample was used to investigate 
the perpendicular magnetic anisotropy of the thin Ni film on GaAs (001), as suggested by 
Haque et al in April 2002 [11]. The hysteresis loop that was performed with the supercon
ducting interference device (SQUID) at 5 K with applied field parallel to the surface of the 
film showed a remanent magnetization of only 65%. 

The anisotropy as a function of the thickness of the 0 to 20 nm Ni wedge grown on 
the InGaAs/GaAs QW structure was analyzed with MOKE measurements at RT. Fora 
thickness less than about 4nm the Ni wedge was found to be nonmagnetic. The polar data 
of the MOKE measurement showed an insignificant remanence, indicating that the mag
netization was only a few degrees canted out-of-plane. Thus, an anisotropy perpendicular 
to the surface for a thickness of the film less than 12nm on GaAs (001) was not found. 

The Photoluminescence (PL) measurements showed that the peak energy of all samples 
was shifted to a higher energy compared to the peak energy of the original InGaAs QW. 
From the shift of the PL peak it can be concluded, that intermixing occurs. 

In contrast with Haque, the magnetization of the Ni wedge was found to be only slightly 
canted out-of-plane. On grounds of the nonmagnetic layer of about 4 nm it is thought that 
the Ni diffuses efficiently into the GaAs. Therefore, we suggest growing a double wedge 
on GaAs (001) of approximately 0 to 5 nm Fe with on top of that a 0 to 20 nm Ni wedge 
rotated over 90° relative to the Fe layer. Such a sample should allow for a detailed study 
of both the interdiffusion and magnetic anisotropy 

With Time-resolved Magnetization Modulation Spectroscopy (TiMMS) the electron 
spin relaxation time of various GaAs based QW structures, and hybrid GaAs/Fe structures 
were studied. First, the spin dynamics in GaAs wafers, and GaAs substrates of our QW 
structures were addressed. For T ~ 100 K the results showed a decrease of TB,e with 
increasing T. The TB,e of the p-doped material was larger than that of the intrinsic bulk 
material for this temperature regime, which is in accordance to the DP mechanism. At low 
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temperatures the electron spin relaxation time stahilizes for the intrinsic material, while for 
the p-doped substrate the TB,e dropstoa value of about 100 ps. This different dependency 
could be explained with the BAP mechanism. In condusion the spin behavior in bulk 
material is well understood. 

The infiuence of n-type doping QWs on the spin dynamics in GaAs (001) was inves
tigated as well with the TiMMS experiment. The electron spin relaxation time of n-type 
doped sample n7QW was approximately of the sameorder as TQw,e of the undoped sample 
i7QW. The reason for this deviation is that the doping density is chosen too high. It was 
hard to draw conclusions from the results, due to the fact that one sample had a p-doped 
substrate, while the other substrate was intrinsic. Therefore, the effective electron densities 
in the QW were not well defined. It is plausible that the p-doped substrate gives rise to the 
annihilation of the n-doping. However, the exact consequences of the p-doped substrate 
are not thoroughly investigated yet . It is recommended to use undoped substrates in the 
future, or use a n-doped GaAs buffer layer to prevent the annihilation of the n-doping in 
the GaAs QW. Other solutions are making use of a thicker AlAs harrier or use a InGaAs 
or InAs QW because then the charge carriers of the substrate are not excitated. 

However, if future investigations show that the electron spin relaxation time is not 
extended by adding n-type doping to the QW, then another manner of extending the 
electron spin relaxation time in the GaAS/ AlAs QW is to change the growth direction 
from (001) to the (110) direction [34]. The (110) direction is known to give rise to a 
significant reduction of the spin relaxation, due to details of the spin-splitting of the band 
structure. A problem that could rise if the direction of growth is chosen to be the (110) 
direction, is that the Fe does not grow epitaxial anymore on the GaAs. This can probably 
complicate the investigation of the existence of a coupling. 

The same problems rose during the study of the possible existence of coupling between 
the electron spin in the GaAs QW and the electron spin in a thin iron film on top of 
the QW structure. Nevertheless, now it is argued that the n-type doping 'leaks' away 
and crosses the Schottky harrier to disappear in the Fe layer. In order to understand more 
about effective electron densities in the QW, it is recommended to investigate the infiuence 
of the surrounding areas of n-doped QW in more detail. 

In the meantime, also samples are available for which the QW are doped with a density 
of 1016 and 1018 Si atoms per cm3 . TiMMS measurements of these samples could give 
more insight in the infiuence of the effective electron densities in the QW. Furthermore, it 
is recommended to use a sample with a 8-Si layer of about 1020 atoms per cm3 , to prevent 
leaking of the n-type doping over the Schottky harrier. 

56 



Chapter 8 

Technology Assessment 

In conventional semiconductor technology the storage and transport of information depends 
on the charge of electrons. At the expiration of the last millennium a novel technology has 
emerged which exploits the spin of the electrons. In accordance with whether the projec
tion of the angular momenturn onto a given quantization axis is ±~, the spin can be used 
to differentiate the electrous into the types spin-up or spin-down. The utilization of the 
relative spin orientation of the carriers in addition to the charge, enables the development 
of a range of new spintronie devices and applications. 

In the middle of the 1930s Mott sought an explanation for the anomalous resistivity trends 
exhibited by ferromagnetic materials that were progressively doped [49]. Sirree that time 
the teehuical basis of spintronie technology was within reach. The beginning of this new 
field of spintronies is marked by discovery of the giant magneto resistance (GMR) in 1988 
[2]. A GMR-based device, consistsof a thin non-magnetic layer sandwiched between two 
ferromagnetic layers. The electrical resistance dependeuts on the relative alignment of the 
magnetization in the ferromagnetic layers. Magnetic field sensors in read heads of magnetic 
recording discs were the first large-scale industrial application of the GMR devices. 

In 1995 Moodera et al. [50] fabricated the first magnetic tunnel junctions (MTJ), in 
which two ferromagnetic electrades are separated by a thin insuiator layer. There is a 
finite probability that electrous tunnel across the insulator. The tunneling resistance that 
electrous experience is modulated by the magnetic field in the same way as the GMR. 

In 1990 Datta and Das [51] reported about another type of device, namely the so-called 
spin-polarized field effect transistor (spin-FET). A spin-FET consists of an asymmetrie 
QW with ferromagnetic electrodes. The spin of the electrous in the asymmetrie QW will 
precede, due to the spin orbit interaction. This spin precession can in principle be con
trolled by the application of an external gate voltage. 

In search of future spin devices, the spin injection and transport are investigated in semicon
ductors with permanent, optically or electronically injected magnetic moments. Materials 
with great potential for the fabrication of spintronies devices are ferromagnetic semicon
ductors, diluted magnetic semiconductors (DMS), and hybrid ferromagnet-semiconductor 
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structures. 
These hybrid ferromagnet-semiconductor structures are the subject of this report. In 

the first part of this report, the magnetic anisotropy is investigated in samples that consist 
of ferromagnet films on InGaAs/GaAs quanturn well (QW) structures making use of the 
Magneto-Optical Kerr Effect (MOKE). The second part reports about the Time-resolved 
Magnetization Modulation Spectroscopy (TiMMS) measurements of the spin dynamics 
of optical injected spin polarized electrans in GaAs/ AlAs QW structures. Mainly, the 
influence is stuclied of n-type doping on the spin dynamics in the GaAs/ AlAs QWs. The 
existence of a coupling between the electron spin in the QW and the electron spin in a thin 
ferromagnetic film on top of the QW structure is another issue that is investigated. 
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