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Abstract 

Detailed understanding of spin dynamics in magnetic semiconductors is of crucial im
portance for a further development of the field of spintronics, which is a novel extension 
of electranies explicitly exploiting the spin of the electrons. In this project a novel opti
ca! pump-probe measurement technique, called Time-resolved Magnetization Modulation 
Spectroscopy (TiMMS), is applied to study the spin dynamics of electrans and holes in 
Cd1_xMnx Te quanturn well structures. By performing measurements in a perpendicularly 
applied magnetic field, a separation of electron and hole spin dynamics is achieved. From 
a careful study of the dependenee on temperature, magnetic field, manganese contents and 
quanturn well width, and by camparing the dynamics on a picosecond timescale of magnetic 
and non-magnetic quanturn wells, the contribution of electron-hole and sp- d exchange 
scattering and spin-orbit induced hole-phonon scattering is resolved. Special attention will 
be given to temperature dependencies and excitonic effects. 
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Chapter 1 

Introduetion 

One of the holy grails in modern solid state physics is spintronics, the use of both elec
tron charge and spin in electronic devices. Among the most phantastic applications of 
spintronies is quanturn computing, which is based on the coherent control of spins. A 
necessary requirement for spintronies is the injection of a net electron spin into a semi
conductor. Most semiconductors are not ferromagnetic so they do not carry a net spin 
from themselves. When the spin orientation of a part of the electrans in the semiconductor 
is changed, the resulting spin imbalance will disappear. The rate at which this net spin 
disappears from the semiconductor is part of the research area of uitra-fast spin dynamics, 
which studies the spin dynamics on timescales from a few hundreds of femtoseconds up to 
nanoseconds. 

The investigation of uitra-fast spin dynamics has grown rapidly thanks to the avail
ability of short-pulsed lasers (pulses as short as 100 fs are commercially available) and the 
development of new measurement techniques. An important class of measurement meth
ods are the so called pump-probe techniques. These are based on the fact that a light 
pulse of circular polarization ( the pump pulse) can spin-selectively excite electrans via the 
spin-orbit coupling. This process is particularly effi.cient for semiconductors at excitation 
energies around the fundamental band edges, at which spin-orbit coupling splits states by 
tenths of an electronvolt. The resulting spin-imbalance can be probed with a second lin
early polarized (probe) laser pulse with a time resolution that is determined by the pulse 
duration of 100 fs. 

TiMMS (Time-resolved Magnetization Modulation Spectroscopy) is a special modula
tion scheme for pump-probe experiments. The polarization of the first pulseis modulated 
between lefthanded and righthanded so that the pulse excites alternately electrans with 
spins of opposite orientations. The second pulse is modulated by a chopper, which turns 
this beam "on and off" . The detected signal of the spin imbalance is then processed by 
two lock-in amplifiers in series, which gains a high signal-to-noise ratio. 

In this report the TiMMS method is applied to diluted magnetic semiconductor quan
turn well structures. Diluted magnetic semiconductors (DMS) are semiconductors with 
some of the original cations replaced with magnetic ions. The use of quanturn well struc
tures gives the freedom to tune bandgaps and confinement energies. Moreover it allows 
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engineering of the magnetic character of both harrier and well. This way the influence of 
the magnetic ions can be ideally characterized. 

The outline for this report is as follows. Chapter 2 gives an introduetion on diluted 
magnetic semiconductors and quanturn well structures based on them. In chapter 3 the 
main excitation and spin-relaxation mechanisms in these structures are introduced. After 
this a more formal description will be given on the TiMMS measurement principle in 
chapter 4. 

Chapter 5 describes the setup and explains the experimental procedure. The interpre
tation of the measurements is discussed in chapter 6, foliowed by a more systematic study 
of the results themselves in chapter 7. Finally, conclusions will be drawn and an outlook 
will be given in chapter 8. 
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Chapter 2 

Diluted Magnetic Semiconductors 

Diluted Magnetic Semiconductors (DMS) are semiconductors in which part of the cations 
is replaced with magnetic cations. Conventional DMS's are 11-VI semiconductors, in which 
the cations and anions have valerrees of +2 and -2 respectively. In most DMS's manganese 
is used as the magnetic cation. Manganese has an valenee of +2, so it is iso-electronic in 
11-VI semiconductors. Also DMS's based on 111-V semiconductors exist , like GaMnAs, 
but then also charge doping takes place, which further influences the properties of the 
semiconductor. Manganese has a half filled 3d electron shell with 5 electrons. According 
to Hund's rule the total energy is minimal when all electron spins are in the same direction, 
leading to a total spin quanturn number of S = 5/2. An extended introduetion can be 
found in references [Fur88] and [Jon91]. 

For instanee in CdTe, which has the zinc blende crystal structure, a certain fraction x of 
the cadmium ions can be replaced with magnetic manganese ions. This way the magnetic 
momentsof manganese are introduced in the semiconductor and the electron motion in the 
semiconductor is influenced via the exchange interaction between the manganese d electron 
spins and valenee and conduction band s and p electron spins. For Cd1_xMnx Te the 
structure is depicted in figure 2.1. 

DMS's are known for their large Faraday rotation, due to the magnetic moments of 
the manganese d electrons. The enhanced g-factors and corresponding Zeeman splitting 
cause large magneto-resistance effects. A spin-glass phase can exist (at low magnetie-ion 
concentrations), because of d- d exchange interaction between the manganese d electrons. 
A recent study on Curie temperatures of DMS's by Dietl et al [DieOO] prediets ferromag
netism up to over 300 K forsome DMS's, e.g. GaMnN. 

Cd1_xMnx Te is a direct bandgap semiconductor with the bandgap located at the center 
of the Brillouin zone (r point). For cadmium telluride without any manganese doping this 
bandgap is 1.58 eV at cryogenic temperature. Replacing a fraction x of the cadmium ions 
with manganese ions raises this bandgap linearly with x up to a virtual value of 3.18 eV 
for pure MnTe. 

For bulk Cd1_xMnxTe around the r point the conduction band (of f 6 symmetry) is 
onefold degenerate and shows s-like behavior. The p-like valenee band is in principle 
threefold degenerate , but due to spin-orbit interaction this degeneracy is partially lifted 
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Figure 2.1: Crystal structure of Cd1_xMnx Te. Also the totalspin of the manganese d elec
trans and the spin of the band electrans are shown. 

and heavy hole and light hole bands (r 8 symmetry) are separated in energy from the split 
off band (r7 symmetry) by about 0.8 eV. Figure 2.2 depiets this situation. 

The band structure around the r point can be described as follows. The conduction 
band has quanturn numbers J = 1/2 and m 1 = ±1/2. The valenee band is split up in a 
split off band, which has quanturn numbers J = 1/2 and m 1 = ±1/2, and light and heavy 
hole bands with quanturn numbers J = 3/2 and m 1 = ±1/2 and J = 3/2 and m 1 = ±3/2, 
respectively. It is also useful to write down the heavy hole and light hole wavefunctions, 
approximated with the help of the atomie p -orbitals Px, Py and pz: 

3 3 
12,+2) 

1 . 
J2(Px + zpy) t (2.1) 

3 1 
12,+2) 

'l . 
J6[(Px + ZPy) -!. -2pz t] (2.2) 

3 1 
12' -2) 

1 . 
J6[(Px- zpy) t +2pz t] (2.3) 

3 3 
12' -2) 

z 
J2(Px- ipy) -!. (2.4) 

Here the arrows denote the spin directions and the term in brackets stands for the total 
angular momentum, IJ, mj)· 

In quanturn wells the heavy hole and light hole band energy levels are at their turn 
separated by the confinement. The quanturn well forces quantization of the angular mo
mentum in a direction perpendicular to the well (z axis). It is visible in the wavefunction 
that the heavy hole has a larger out-of-plane component of the angular momenturn than 
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Figure 2.2: Band structure for Cd1_xMnx Te structures. 

the light hole and this is energetically unfavorable. The resulting situation is depicted in 
figure 2.3. 

Electron and holes can also form an exciton. The binding energy of excitons in 
Cd1_xMnx Te is about 9 me V for bulk CdTe [Lan87]. This energy corresponds to a tem
perature of about 100 K. This means that up to this temperature electron-hole pairs are 
predominantly found in the exciton state, whereas at higher temperatures they are mainly 
observed as independent particles. 
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Figure 2.3: Energy levels of the valenee and conduction bands near the r point for a 
Cd1_xMnx Te quanturn well structure. 
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Chapter 3 

Excitation and relaxation 
mechanisms 

The previous chapter discussed diluted magnetic semiconductors and their bandstructures, 
especially for Cd1_xMnx Te quanturn well structures. In this report spin dynamics in these 
structures is discussed. A description of the theory that governs these key processes them
selves will be given in this chapter. 

3.1 Spin-selective excitation and carrier thermaliza
tion 

For photo-excitation of electrans from the valenee band to the conduction band the quan
turn mechanica! selection rules have to be obeyed. Moreover, since the heavy hole band is 
higher in energy than the light hole and split off bands, as can beseen in figure 2.3, the laser 
energy can be set such, that excitation will take place from the heavy hole band only. If the 
excitation occurs with light of righthanded polarization, the only possible transition is from 
the heavy hole J = 3/2, mJ = -3/2 state to the conduction band J = 1/2, mJ = -1/2 
state. This way only spin-down electrans will be excited. On the other hand, for light of 
lefthanded polarization only the transition from the heavy hole J = 3/2, mJ = 3/2 state 
to the conduction band J = 1/2, mJ = 1/2 state is available and only spin-up electrans 
will be excited, as is illustrated in figure 3.1. The spin of the excited electrans and holes 
depends thus on the handedness of the light used for excitation. 

Consicier now the situation of excitation by a lefthanded circularly polarized laser pulse. 
The laser pulse creates a spin-polarized, non-thermal distribution of spin-up electrans and 
spin-down holes. Right after excitation thermalization of electrans and holes sets in: they 
form a thermal distribution at the band edges by emitting low energy phonons. At a larger 
timescale the electrans and holes balance their total spin and eventually the electrans and 
holes will recombine, which again is a much slower process. 
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Figure 3.1: Electron state transitions allowed by selection rules between the valenee and 
conduction bands near the r point. 

3.2 Spin scattering mechanisms 

In (paramagnetic) DMS materials electron and hole spins are not naturally aligned. Af
ter spin-selective excitation they therefore tend to loose their mutual alignment. Since 
quanturn mechanical conservation rules have to be obeyed, their spin direction can only be 
changed by interaction with other particles. 

The most important spin-flip scattering mechanisms in DMS materials will be discussed 
in the remainder of this chapter. The electrans can relax their spins via electron s - d 
exchange scattering, a process in which the electron scatters at a manganese d-electron, 
thereby flipping its spin. The holes can flip their spins via scattering at manganese ions 
(p-d exchange scattering) and through hole-phonon scattering, called the Bir-Pikus mech
anism. Finally, electrans and holes can also change their spins by a mutual exchange 
scattering in the Bir-Aronov-Pikus relaxation mechanism. 

3.2.1 Electron s-d exchange interaction 

sp - d interaction is a mechanism that is based on the exchange interaction between the 
electron spin ( sp) and the ( d) magnetic momenta of the manganese ions in the structure. 

Transition probabilities can be calculated in quanturn mechanics with "Fermi 's Golden 
rule" [Gas74], which gives an expression for the transition rate R between two states: 

(3.1) 

Here 1i is Dirac's constant and p(E) is the density of states at energy E. Mis the so called 
matrix element and the transition rate is proportional to its square. The matrix element is 
the inner product of the final quanturn state and the initial state on which the interaction 
Hamiltonian has operated. 
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The matrix element for spin-flipping via the sp- d interaction is described by: 

(3.2) 

where H sp-d is the exchange interaction Hamiltonian [Fur88] . For the s - d interaction 
this Hamiltonian is given by: 

Hsp-d = L J(i- Rn)s · S. (3.3) 
n 

where J is the exchange constant for interaction between the carriers and the manganese 
ions, i and Rn are the positions of the carrier and a manganese ion, respectively and n is a 
summation index for summation over all manganese ions. The spin relaxation time can be 
calculated using equations 3.1-3.3. This has been done by Bastard [Bas90]. The resulting 
transition rate - 1

- for electrans from state i to i' in a layer of uniform composition is: 
'Ti --t i1 

1 { 3sm• J2C r 2 2 d .f E · n2k}_ - E · 0 __ = 241i3 Jth XiXi' Z 1 z + 2m• z' > 
Ti-ti' 0 otherwise 

(3.4) 

In this expression, the initial and final wavefunctions have been split in a part that repre
seuts the component of the wavefunction in the plane of the quanturn well and a part that 
describes the component in the growth direction of the quanturn well. Along the growth 
axis the quanturn mechanica! potential is treated as the traditional finite quanturn well. Xi 

and Xi' are two arbitrary wavefunctions for the finite quanturn well at energy levels Ei and 
Ei', that denote the initial and final state of the transition. m* is the effective mass of the 
electron. The integration takes places over the thickness of the layer th. The relaxation 
rate is furthermore proportional to the volume concentration of manganese substitutions 
C "' x in the layer. In equation 3.4 one can recognize the s- d exchange interaction matrix 
element: the inner product is represented by the integration of the wavefunctions over the 
layer thickness and the factor J2 denotes the interaction Hamiltonian. As an example, 
evaluation of the expression 3.4 gives spin relaxation times of twenty to thirty picosecouds 
for DMS's with about 5% manganese in a Cd1_xMnx Te/Cd1_yMgy Te quanturn well struc
ture up to more than thousand picosecouds if manganeseis only present in a Cd1_yMny Te 
harrier [Bas90]. These values give an indication of the theoretica! upper limits for the spin 
relaxation time. 

3.2.2 Hole spin relaxation 

In bulk DMS materials hole spins relax very fast . This is due to the coupling between the 
orbital angular momenturn of the holes and phonons, which does not exist for the s-like 
electrans in the conduction band. In quanturn well structures the degeneracy of heavy hole 
and light hole states that is present in the bulk material is lifted, as is shown in figure 2.3. 
As a result the imbalance in hole spins can exist much longer, since in this case the excited 
holes are all in the heavy hole state after carrier thermalization and the light hole states 
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are not available since they are at a different energy. Spin-flipping of holes would then 
require a change from a J = 3/2 to a J = -3/2 state with both a different orbital and 
spin part of angular momentum, which is quanturn mechanically not favorable. Therefore, 
modified hole-phonon scattering mechanisms become important. 

Point of 
degeneracY, 

V 

~ 

k 

Conduction 
band 

Heavy 
holes 

Light 
holes 

Figure 3.2: Band structure of 11-VI zinc blende semiconductor quanturn wells near the 
bandgap at the f-point. At a nonzero k-value the heavy hole and light hole states become 
degenerate and they mix up (solid line). In practice new states are formed with rapidly 
changing properties at this point. 

These modified mechanisms make use of the fact that at nonzero k-values the heavy 
hole and light hole orbitals mix up, see tigure 3.2. Because of the mixing of heavy and light 
hole bands the light hole states become again available for quanturn mechanica! transitions 
at certain values of the hole k-vector and spin-flip processes can occur again, as described 
by Maialle (Mai98] and Ferreira and Bastard (Fer91] . Thus in this region holes are allowed 
to go from a heavy hole state to a light hole state. 

According to Ferreira and Bastard (Fer91] the heavy hole and light hole states mix up 
at k-values of about 0.2 A -I for a 80 A quanturn well. This corresponds to an energy of 
2.2 me V. If this energy were entirely of thermal origin the temperature involved would be 
about 25 K. Relaxation mechanisms based on the degeneracy of heavy hole and light hole 
states are thus faster at higher temperatures. In other words, the spin imbalance decay 
time diminishes with a rising temperature on a scale of 25 K. 

Two hole spin relaxation mechanisms that make use of the mixing of heavy hole and 
light hole bands at nonzero k-values will be discussed: p- d exchange interaction between 
holes and manganese and hole-phonon scattering. 
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Hole p-d exchange interaction 

Scattering via the p-d exchange interaction at the point of degeneracy of heavy holes and 
light holes has been descri bed theoretically by Ferreira and Bastard [Fer91]. Their calcu
lation was based on p-d exchange interaction at the heavy hole and light hole degeneracy 
region and did not take into account any other concurrent spin relaxation mechanisms. 
Their final results consisted of diagrams of the scattering times (both contributions from 
the welland harrier) as a function of the in-plane k-vector. 

In order to get some feeling for the strength of this relaxation mechanism as a function 
of temperature, we modified the results obtained by Ferreira. At thermal equilibrium the 
root-mean-square average of the hole kinetic energies n;!2

, with m the hole mass, is of the 
order of ksT, assuming a low excitation density. The hole-spin flip time can thus be given 
as a function of temperature, as plotted in figure 3.3. 

6.0 

5.5 

5.0 
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; 
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ïi 2.5 (/) 

"0 2.0 
~ 
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ü 
Cî 0.5 
0 
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-0.5 
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Temperature(K) 

Figure 3.3: Calculated spin-flip times for p-d exchange scattering resulting from the model 
by Ferreira and Bastard [Fer91]. Shownare the effect of p-d exchange interaction between 
holes and manganese atoms only inside a quanturn well ( 4% manganese in the well, 38% 
in the harrier, spin-flip in the harrier neglected) and the spin-flip times resulting from 
exchange interaction in the harrier (no manganese in the well, 32% in the harrier). Hole 
k-values have been converted to temperatures under the assumption that they were of 
thermal origin. 

As can be seen from figure 3.3 the spin-flip times indeed decrease very fast with a 
rising temperature. This calculation provides a theoretica! upper boundary for the spin 
relaxation times. Typically, at low temperatures scattering times in the range of 1-100 ps 
are found, dropping below 1 ps for temperatures higher than 50 K. 

Ferreira and Bastard [Fer91] starttheir evaluation of the spin relaxation rates with the 
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following expression: 

(3.5) 

where 'W k't is the initial hole wavefunction, 'W kt are possible wavefunctions with an opposite 
spin orientation the hole can scatter to, Hp-dis the scattering Hamiltonian and t5(Ekt-Ek'Jr) 
denotes conservation of energy. Ferreira proceeds by calculating the relevant wavefunctions; 
as an approximation atomie p-orbitals, equations 2.1 - 2.4, can be used instead. 

Without any perturbations the hole eigenstates are orthogonal. However, the p- d 
exchange interaction can modify the spin part of the hole wavefunction. The matrix element 
descrihing spin flip, that determines the transition rate, ('llktiHp-di'Wk'Jr) in equation 3.5, is 
just the inner product of any possible final state and a perturbed initial state. Due to the 
fact that Hp-d only operates on the spin part ofthe wavefunction, Hp-dl~,~) can be written 
as cli(Px + ipy)t) + c21(Px + ipy).J.)· From this it can easily beseen that scattering to the 
I~,~) state is allowed ((~, ~IHp-dl~, ~) = c2j../3), but scattering to the 1~, -~)state is not 
(G, -~IHp-dl~, ~) = 0). Thus the spin relaxation through the p- d exchange interaction 
only works if the light hole states are available, which is for quanturn wells at nonzero 
k-values. At low temperatures this mechanism is therefore of little importance, but the 
scattering channel opens at an increasing temperature. 

Hole-phonon scattering 

The hole-phonon scattering mechanism is governed by the so called Bir-Pikus (BP) Hamil
tonian, named after the physicists who first discussed scattering with phonons, enabled by 
the heavy hole and light hole band mixing in indium antimony, [BP75]. A description of 
the scattering mechanism is for instanee given by Maialle [Mai98]. 

This mechanism also makes use of heavy hole and light hole band mixing at nonzero 
k-values, similar to the previously discussed p-d exchange interaction, although the mech
anism itself has a completely different origin. In this case the holes get a nonzero scatter 
probability due to crystal deformations caused by acoustic phonons. For a qualitative 
description it suffices to use the atomie p-states, equations 2.1 - 2.4, again as an approx
imation. A Hamiltonian that has its origin in a distortien of the crystal structure can 
only influence the orbital part of a wavefunction. So if the initial state is the I~, ~) heavy 
hole state and the orbital part of the wavefunction is slightly manipulated by the phonon, 
a nonzero matrix element exists for the transition to the 1~, -~) state, see equation 2.3. 
This means that this transition is allowed and the process can occur simultaneous to the 
p-d exchange mechanism. Again the availability of light hole states plays an essential 
role. Thus the relaxation through hole-phonon scattering becomes more efficient at larger 
hole k-values, where light hole and heavy hole states are degenerate. Hole-phonon scat
tering also becomes more important at elevated temperatures, where not only emission of 
phonons is possible, but where also absorption of phonons becomes important due to the 
larger availability of phonons. 
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3.2.3 Electron-hole scattering 

This effect is also known as the Bir-Aronov-Pikus (BAP) mechanism [BAP75]. In this 
mechanism the electron flips its spin at the same time as the hole changes its total angular 
momenturn by one in the opposite direction. This means that the light hole states are 
again needed and that the mechanism works at nonzero hole k-values. A scheme of this 
process is given in figure 3.4. 

m_r-1 I 

/ 

Conduction 
band 

Valenee 
, () band 

;n;=l/2 -. .••• >(m\ 2 

Figure 3.4: Scheme of the principle of the electron-hole spin scattering. At the same time 
an electron and a hole flip their spin, thus maintaining their total quanturn numbers. 

Electron-hole spin flipping takes place through the exchange interaction between elec
tron and hole spins. It is therefore dependent on both the electron and hole densities. 
As a consequence, spin relaxation via the electron-hole scattering decreases as the quan
turn well becomes wider, since in a quanturn well the overlap between electron and hole 
wavefunctions is generally larger than in the corresponding bulk materiaL It will be pro
posed that also if electrans and holes are bound together in an exciton the overlap of their 
wavefunctions becomes larger and the BAP relaxation mechanism becomes stronger. 
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Chapter 4 

Theory of magneta-opties 

In order to understand the speetral dependenee of the TiMMS (Time-resolved Magneti
zation Modulation Spectroscopy) signal, the relation between the magneto-optical Kerr 
rotation ( the rotation of polarization of an electromagnetic wave passing through a ma
terial) and the dielectric constant is discussed. A description of the dielectric constant in 
terms of atomie processes within a quanturn mechanica! framework is given. This calcu
lation needs to he built on quanturn mechanics, because this is the theory that describes 
the interaction between an electromagnetic wave and matter on an atomie scale. Finally, 
the TiMMS measurement scheme is described. 

4.1 Modification of the dielectric constant by a laser 
beam 

In a TiMMS measurement the material under investigation is first spin-selectively excited 
by a circularly polarized laser pulse, as described in the previous chapter. Next , the induced 
spin imbalance is detected by the change of polarization of a weaker linearly polarized laser 
pulse. 

Tolook at this in terms of the dielectric constant, it is useful tostart with the classical 
case of the interaction of the electric field of an electromagnetic wave with an electron at 
position r in a local magnetic field of magnitude B, which is assumed to he oriented along 
z. Th en the classic al equation of motion is given by: 

(4.1) 

where m and -e are the electron mass and charge, respectively. The damping constant is 
denoted by /'\, and the electron's resonance frequency by w0 . The last term in equation 4.1, 
which represents the Lorentz force, couples the equations for the x and y spatial directions, 
which gives rise to a non-diagonal response matrix of the electron system. Equation 4.1 

15 



can be solved analytically assuming a simple harmonie response of the electron: 

Here Wc= eB/mis the cyclotron frequency and 'Y = (w5/w 2
) -1- (iK/w) is a dimension

less number. Now, since the induced macroscopie polarization for a dense distribution of 
electrans is given by 

Pi = -neeXi = (éij- Óij)éoEj, (4.2) 

with ne the electron density, the dielectric tensor can be written as: 

0 ) 0 . 

J'Y 
(4.3) 

The off-diagonal terms in equation 4.3, which change the polarization of the incident light, 
are all proportional to the local magnetic induction Bz. In the case of a TiMMS experiment 
the magnetic induction acting on the electron is caused by the magnetic moment due to 
the spin imbalance created by a circularly polarized pump laser pulse. 

In the classica! approach the non-diagonal terms in the dielectric tensor are ascribed to 
the Lorentz force. However, the magneto-optical Kerr effect is known to be much larger 
than the Lorentz force can explain. A quantitative explanation of the magneto-optical 
spectrum requires a quanturn mechanica! calculation including spin-orbit coupling. Spin
orbit coupling describes the interaction between the spin and orbital angular momenturn 
of the electron. It thus connects magnetic and optical properties of matter. 

In the quanturn mechanica! calculation of the expressions for the elements of the di
electric tensor instead of a single harmonie oscillator term in principle all resonances of the 
electron have to be taken into account. Therefore all contributions depend on the tran
sition rates between the electron states, which can be described with the help of matrix 
elements. Th en the elements of the dielectric tensor take the following form [Ben98]: 

Exx = 1 + e
2 (2LL !(iJI7l'x!a)l

2 
+ 

1im2V (3 0 !wf3al(w~a- w2
) 

i 71'2 L L !(iJI7l'x!a)!2[ó(wf3a- w) + ó(wf3a + w)]) 
w (3 Q 

(4.4) 

e22 (2_ LL(I(fJI11'-!a)~2 -1(~17l'+!a)!2) + 
21im V w (3 0 w (3a - w 
-7!' 
-
2 2 L L(l(iJI7l'-!a)l2 -I(JJI7l'+!a)!2)[ó(w(3a- w) + ó(wf3a + w)]) 
w (3 Q 

(4.5) 

In the equations above a and jJ are summation indices over all states, Wf3a is the angular 
frequency that corresponds to the energy difference between states a and jJ and 1l'x, 11'+ and 
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1r- are the momenturn operators along the x-direction and for circular motion in the x, y 
plane. Furthermore V is the interaction volume. Both the real and imaginary parts of the 
dielectric tensor elements go to infinity as the light frequency equals one of the structure's 
resonance frequencies. Both tensor elements obey the so-called Kramers-Krönig equations, 
which link their real and imaginary parts. If the real part of a tensor element has a delta 
peak like behavior at resonance the imaginary part shows a bipolar resonance structure 
and vice versa. 

For materials that are axisymmetric around the z axis, the dielectric constant has to be 
invariant under a rotation around the z axis. This implies that the element é yy has to be 
equal to the element éxx and the element cyx must be opposite to Exy· If the anisotropy is 
only caused by a magnetization or an applied magnetic field along the z axis the elements 
c xz, cyz, czx and czy are equal to zero. This means that the dielectric tensor has the 
following structure: 

... ( Exx éxy 0 ) 
Ë = -Exy Exx 0 . 

0 0 Czz 

(4.6) 

where Exx and Exy are defined by equations 4.4 and 4.5. czz is not important for the Kerr 
effect. 

4.2 Kerr rotation for a non-diagonal dielectric con
stant 

The previous section gave an explanation for the anisotropy and non-diagorral dielectric 
tensor for a material with a local magnetization. Now the effect of a local magnetization 
on the polarization of a light wave will be discussed. 

The propagation of electromagnetic waves is described by the wave equation for the 
electric field [Bec99]: 

( 

[J2 [J2 [J2 1 [J2 ) ... [J2 ... 
fJx2 + fJy2 + fJz2 - c2 fJt2 E(x , y, z, t) = P,o fJt2 P(x, y, z, t) (4.7) 

where c = 1/ VJiOfö is the speed of light. The value of the magnetic permeability p, is 

approximated by the vacuum value. Using equation 4.2 the polarization P can be written 
in terms of the dielectric constant. For a wave incident along the z axis with a wave vector 
k equation 4. 7 becomes: 

0 ) ( 0 0 0 + 0 0 
Czz 0 0 

(4.8) 

The z-component of this equation gives Ez = 0. This leaves a linear two-dimensional eigen
value equation. This equation can be solved analytically, to find the eigenmodes, which 
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propagate through the medium while keeping their original polarization. The resulting 
refractive indices (n+ and n_) are given by ni = Exx ± iExy for eigenmodes ~J2(ex ± iey), 
where ex and ey are unit veetors in the x and y directions. For simplification the wave 
vector kz was written as ~: n2

, where w is the light frequency and n the (complex) index 
of refraction. 

The eigenveetors found correspond exactly to lefthanded and righthanded circular light 
polarizations. This means that the index of refraction of the material is different for 
lefthanded and righthanded polarizations. Since linearly polarized light can be thought 
of as a superposition of equal amounts of lefthanded and righthanded circularly polarized 
light, this gives rise to the Kerr effect. 

The Kerr effect is the change of polarization of an electromagnetic wave u pon reileetion 
at matter. Kerr rotation describes the rotation of the polarization direction. Kerr ellip
ticity describes the extend to which a linearly or circularly polarized electromagnetic wave 
becomes elliptically polarized. One description of the Kerr effect is based on the different 
reileetion coefficients for lefthanded and righthanded polarized light. A linearly polarized 
light wave can be thought of as two equal light waves ( components) of lefthanded and 
righthanded polarizations add together. If a material has different reileetion coefficients 
for these two components, then, after reilection, the smallest component adds to linearly 
polarized light with part of the larger component of which the remainder introduces an 
ellipticity of the polarization. Similarly, if the phase of the initia! circularly polarized 
components of the light wave changes with respect toeach other, Kerr rotation occurs. 

The speetral dependenee of the magneto-optical signal is known once a relation between 
Kerr rotation and the dielectric constant is available. The relation between the reileetion 
coefficient r +/- and the (complex) index of refraction is given by [McG91]: 

1- n+/
r+/- = 

1 + n+/-
(4.9) 

From equation 4.9 and the expression for the refractive index as a function of the dielectric 
tensor elements an expression for the behavior of the magneto-optical signal can be derived. 
The result can be simplified by assuming that the Kerr rotation is small and thus that the 
off-diagonal elementsin the dielectric tensor are small compared to the diagonal ones. The 
expression for Kerr rotation then becomes [McG91] : 

.a · Exy 
'U - 'lé = - ---:--"------,-

~(éxx -1) 
(4.10) 

where ()is the Kerr rotation and é is the Kerr ellipticity. Equation 4.10 must be evaluated 
together with equations 4.4 and 4.5 for the dependenee of the dielectric tensor elements 
on the light frequency. According to these equations the spectrum of the Kerr rotation 
should look like a delta peak rv 6(wf3a- w), or a Lorentzian when damping is included. 
However, equation 4.10 gives the Kerr rotation for a reileetion at a single surface and the 
samples used in the experiments consist of a relatively thin layer. For very thin layers the 
magneto-optical signal has a phase shift of 90°, because one also has to take into account 
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reflections from the backside of the layer and pulses that have reflected more than once 
inside the layer. The samples used in the experiment have a layer thickness of about 300 nm 
compared to a wavelength in the material of about the same length. Therefore a reasonable 
phase shift is to be expected and thus also the complex part of the Kerr rotation should 
be looked at. Thus the magneto-optical spectrum should be an admixture of a bipolar 
resonance structure (imaginary part of one-surface reflection) and a Lorentzian (real part 
of single-surface reflection). 

4.3 TiMMS modulation scheme 

TiMMS is a special modulation scheme, where a higher signal-to noise ratio is achieved 
by modulating the pump laser pulses with a photo-elastic modulator (PEM) at typically 
50 kHz, which is much lower than the laser repetition frequency forself mode locked systems 
( typically 80 MHz). A scheme of Ti MMS is depicted in figure 4.1. 

)d
---r--1 

--: 
I 

I -- -

pro he 

---
I 

pump 

Figure 4.1 : Measurement principle of the TiMMS technique. A photo-elastic modulator 
modulates the handedness of a first laser pulse, the pump pulse. The second pulse, the 
probe, obtains a modulated Kerr rotation, which is detected by a combination of an ana
lyzer (polarizer) at an angle a with the direction perpendicular to its initial polarization, 
and a detector, and which is measured by using a lock-in amplifier. 

The initial electric field of the pump CE1) and the probe beam (Ë2 ) can be written 
by the use of two-dimensional veetors with components descrihing vertical and horizontal 
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polarization, called Jones vectors: 

Ë (t) = E 1 ( t) ( 1 ) 
1 V2 1 ' 

(4.11) 

and 

(4.12) 

where the asciilating phase factors ( e'P+i~·x-iwt) are left out. In order to obtain a circular 
polarization of modulated handedness, the pump pulses pass the PEM with a horizontal 
modulation axis. A photo-elastic modulator retards a light wave polarized along its mod
ulation axis with respect to a light wave polarized perpendicular to the modulation axis 
in an asciilating way. The transmission of the pump beam through the PEM, set to an 
amplitude of A0 , is described by the Jones matrix: 

(4.13) 

with A(t) = A0cos(21f ft) and f the PEM modulation frequency. After passing the PEM 
the electric field of the pump pulses is: 

( 4.14) 

From equation 4.14 it is clear that, while the magnitude of the electric field does in principle 
not change, the polarization of the pump pulses alternates between lefthanded circular (for 
A = -~1r) and righthanded circular (forA = ~1r). Equation 4.14 can also be written in 
terms of the components for lefthanded and righthanded circular polarizations of light, 
with amplitudes of A1 and Ar respectively. 

Spin-selective excitation, as described in chapter 3, occurs when a circularly polarized 
photon is absorbed. The number of absorbed photons is proportional to the pump beam 
intensity, which is linearly related to the square of the absolute value of the electric field. 
The difference between the amount of excited electrans of spins of both directions is then 
proportional to the difference in intensity of the components of the pump beam with 
lefthanded and righthanded polarizations, Nt- N+ rv IAd 2 -IArl2

• 

In order to describe the complex Kerr rota ti on of the reflected probe beam, (), a response 
function , XM 0 (t) can be defined as: 

(4.15) 

Equation 4.15 gives the Kerr rotation of the probe pulse at a certain time t due to the 
spin imbalance induced t - t' earlier. It is useful to write this expression integrated over 
the laser pulses. Also expressions can be substituted for the amplitude of lefthanded and 
righthanded components of the pump pulse, IAd 2 

- IArl 2
, which are in principle known 
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from equation 4.14. The Kerr rotation at time t due to a pulse at time t - flt is then 
. written as: 

O(t, flt) = eMO (flt)sin[A(t- flt)], ( 4.16) 

where e MO is the response function integrated over the duration of the laser pulse. The 
polarization of the pump beam is assumed to he constant during one pulse. As a result of 
the complex Kerr rotation the electric field of the pro he pulse after refl.ection at the sample 
is approximately described by the following Jones vector: 

( 4.17) 

if the Kerr rotation is much smaller than 1. The probe beam then passes the analyzer, at 
an angle a, which detects the change in the polarization due to the Kerr rotation. The 
transmitted beam is detected by a photodiode and the output is sent to the first lock-in 
amplifier. 

Since the signal contains a sine function of a sine, which was also present in equa
tion 4.17, it is useful to expand the lock-in signal in a Taylor series of Bessel functions. 
The de signal (Vdc) and the signal at the single (V1F) and doubled (V:w) modulation fre
quency on the first lock-in amplifier are: 

Vdc 2 1 - Jo(2Ao) 2 2 ( 4.18) - sin a 
2 

cos ai8Mo(flt)1 , 
Vo 

V1F 
J1 (Ao)sin(2a)8 Mo' (flt), ( 4.19) -

Vo 
V2F 12(2Ao) I8Mo(flt)l2. ( 4.20) -
Vo 2 

Here In is the nth order Bessel function of the first kind, and Vo is a sealing factor that 
also represents the power of the incident beam and the photodiode efficiency. For a Kerr 
rotation much smaller than the analyzer angle of 45° the ratio between the signal at 
the (fundamental and second-harmonic) modulation frequency and the dc-signal can he 
approximated by: 

(4.21) 

J2(2Ao) 18 Mo(flt) 12 (4.22) 

So the signal at the PEM modulation frequency depends almost linearly on the real part of 
the Kerr rotation. In order to have a maximal signal-to-noise ratio the PEM modulation 
amplitude (its retardation) is adjusted such that 11 (A0 ) is maximal, which is the case for 
A0 = 1.89. The signal at twice the modulation frequency is quadratic in the rotation and 
for small Kerr rotation angles it is much smaller than the signal at the single modulation 
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frequency. Therefore the 2F signal is rarely used. For a more detailed analysis of the 
magneto-optical signal in a TiMMS experiment, see Koopmans et al, [KoJ99]. 

In order to obtain a further impravement of the magneto-optical signal, also the probe 
pulses are modulated. A mechanica! chopper set at a frequency of typically 60 Hz is placed 
in the probe beam. Because of this low modulation frequency, the modulation does not 
interfere with the modulation by the PEM. It is thus possible to place a second lock-in 
amplifier, set to the chopper frequency after the first one. This lock-in amplifier measures 
only the difference in "signal" with and without the probe pulse ( difference between open 
and closed chopper) . It is thus used to correct for any pump light that reaches the detector, 
since only probe light that reaches the detector will have this second modulation. Figure 4.2 
shows an overview of the signal processing by both lock-in amplifiers. 

i i o-
' t1l 0 c: 
-Cl 
~ ëii 
Ol 
t1l 
~ 

to second 
lock-in 

Initia! signal 

after first lock-in 

ft;~;~~~d-,;~k-i~1c---------------jf---------------1c---------------jf----------------

time 

Figure 4.2: Modification of the magneto-optical signal by the two loek-ins. The first 
lock-in amplifier measures the difference in magneto-optical signal between lefthanded and 
righthanded circularly polarized pump pulses. The second lock-in amplifier takes the dif
ference between the signal with and without probe beam. This way stray light from the 
pump beam that reaches the detector is removed from the signal. 
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Chapter 5 

Experiment al 

In this chapter first the setup that is used for a TiMMS measurement is described. Then 
the experimental procedure is discussed. Finally a description of the samples that were 
used is gi ven. 

5.1 Setup 

The general requirements for a TiMMS setup are the availability of two laser pulses with 
an accurately adjustable time delay between them. The duration of these laser pulses 
has to be smaller than the time-scale of processes under investigation, in the case of spin 
relaxation in DMS structures well below 1 ps. Moreover, the polarization of these laser 
pulses must be controlled. The first pulse, which is the pump used for spin selective 
excitation, should have a circular polarization of modulated handedness. The other, the 
probe pulse, needs to be linearly polarized. Finally, both pulses are focussed at the same 
place on the sample. The setup has been designed to meet these requirements. It was first 
described by Koopmans et al. [KoJ99]. 

The setup used is best described with the help of a picture. Therefore figure 5.1 shows 
a drawing of the principal components. 

A Ti:sapphire (Spectra Physics Tsunami) laser is used for the experiment. The laser 
photon energy can be tuned from 1.42 e V up to 1. 73 e V and the laser power starts at 
about zero at the laser edges and goes up to 0.8 W at a photon energy of 1.59 eV. The 
laser produces pulses of a speetral width from about 0.01 eV and duration of approximately 
0.5 ps at the edge of the laser range to 0.05 e V and less than 0.2 ps at the center of the laser 
range (1.46- 1.69 eV). The setup contains no correction for the group velocity dispersion, 
so at the sample the laser pulses have a somewhat langer duration than at the laser. The 
laser has a ( cavity determined) repetition rate of 82 MHz, which means that the pulses are 
produced 12 ns after each other. A beam splitter is used to split the laser pulses in pairs 
of high intensity pump pulses and weaker probe pulses. 

The pump pulses are given an alternating circular polarization by a polarizer and a 
PEM, as described in the previous chapter. The pump is then focussed on the sample by 
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Figure 5.1: Scheme of the setup used. Major components are the laser, the cryostat with 
the sample, the delay line (retrorefl.ector), the polarizers and the analyzer. For modulation 
a chopper and a photo-elastic modulator are added. 
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a 500 mm lens, which leads to a laser fiuence of up to 5 f.Û / cm2 to a spot of a bout 200f.lm 
diameter. The time delayed probe pulses are focussed on the same spot on the sample 
using the same lens. 

Both pulses are incident within a few degrees perpendicular to the sample surface, 
which is the same as the growth axis. The pulses are thus incident along the preferential 
quantization axis of the angular momentum. Spin flip due to spin-selective excitation by 
the pump beam, as described in chapter 3, concerns a change in the quanturn number of 
the spin component in this direction, as well as detection of the magneto-optical signal by 
the probe pulse. 

The delay of the probe pulses with respect to the pump pulses can be changed by a 
delay line. The delay line allows for adjusting the optical path from the beam splitter to 
the sample on a micrometer scale, which compares to delay times in the femtosecond range. 
The delay line consists of a retrorefiector mounted on a computer controlled mechanica! 
translation stage. 

The probe beam is modulated by a mechanica! chopper at a frequency of 60 Hz, as is 
described in chapter 4. The intensity and polarization can be adjusted with the help of a 
combination of a half-lambda plate and a polarizer. In the measurements, the probe beam 
always has a polarization in the horizontal or vertical direction and the intensity is tuned 
to approximately 10% of the pump intensity, so 0.5 f.LJ/cm2

. 

The refiection of the probe beam from the sample is led through a second polarizer, 
the analyzer. The analyzer is kept under an angle of 45° with respect to the polarization 
of the probe before it refiects at the sample. The detector used is a silicon photodiode. 

The signal from the photodiode is used as the input of a first lock-in amplifier, that 
receives its reference from the PEM. The signal on the lock-in amplifier is given by equa
tion 4.21 , derived in the previous chapter. The output of the first lock-in is senttoa second 
lock-in amplifier, referenced by the chopper. The output of the second lock-in is then sent 
to a computer system and recorded. 

The sample is mounted inside a variabie temperature cryostat, allowing for measure
ments from 4 K up to room temperature. A magnetic field can be applied parallel to 
the sample surface, which is perpendicular to the direction of the laser pulses. As will be 
pointed out in the next chapter, this can be used to make spin-selectively excited electrans 
precess around this field. Electron precession, in its turn, will be a very interesting tool in 
characterizing the signal. 

In order to compare the spin dynamics with carrier (charge) dynamics a polarizer can 
be placed directly after the PEM in the pump beam. The polarizer is set in a crossed 
orientation with respect to the original pump polarization, such that it exactly blocks the 
pump beam at the instanee that the PEM retardation passes zero and the pump is linearly 
polarized. When the pump is lefthanded or righthanded circularly polarized, part of it 
will be transmitted. Thus instead of the polarization, the intensity of the pump beam is 
modulated at twice the modulation frequency of the PEM. The probe beam then measures 
the change in refiection caused by excitation by the pump beam. 

An extra feature of the setup is an enhancement of the speetral resolution of the mea
surement. For this purpose a 15 cm single monochromator with a dispersion of0.15 mm/nm 
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and a 0.3 mm output slit is placed in the probe beam between the analyzer and the pho
todiode. When the monochromator is used the speetral resolution is about 5 meV (2 nm), 
compared to 10-30 nm when the monochromator is not in the beam. 

5.2 Measurement procedure 

Before starting a measurement the setup must be aligned accurately. Critical points are 
the alignment of the delay line and the overlap of the two laser spots (pump and probe 
pulses) on the sample. The translation direction of the delay line and the direction of 
the probe beam have to be identical, otherwise the spot of the probe beam on the sample 
will shift when the probe delay is changed. Because of the relatively large laser spots ( rv 

200J.Lm) a course adjustment of the overlap of the spots on the samples can be obtained 
by moving them by eye on top of each other. After this the overlap can be optimized by 
adjusting for the maximum signal magnitude on a known sample. 

When the alignment is correct, parameters like laser wavelengthand temperature have 
to be set for the experiment. It is especially important to know the position of the delay 
line for which the pump and probe pulses arrive at exactly the same time at the sample. 
Therefore first the pump-probe delay time is scanned for a sample with a well-known 
bandgap. For this sample it is possible to tune the laser at a wavelength where the magneto
optical signalis near its maximum. At negative delay times (when the probe pulses arrive 
at the sample before the corresponding pump pulses) there is no magneto-optical signal 
and at positive delay times there is. In a scan of the delay time this sudden rise in signal 
can easily be recognized, which determines the position of the delay line at the time of 
zero pump-probe delay. Then the reference sample is replaced with the sample under 
investigation and the laser energy is scanned for the resonance around the bandgap. 

Now several measurements are possible. The decay of an induced spin imbalance can 
be monitored as a function of time by moving the delay line. Also the laser can be tuned 
to examine the speetral dependenee of the magneto-optical signal. If a higher resolution is 
needed the monochromator can be used. 

All measurements are controlled by a computer system that sets the measurement pa
rameters and collects the measurement data. Only the magnetic field and the temperature 
have to be set by hand. In the future also these settings will be automated. 

5.3 Samples 

Several samples with quanturn well structures have been used in the experiments. Some 
samples contained (magnetic) manganese ions inside the quanturn well, other samples had 
only manganese in the harrier. The samples were grown by MBE at the Polish Academy 
of Sciences. In order to gain a higher signal-to-noise ratio the samples all consisted of a 
series of ten identical quanturn wells. The samples have been grown without any intrinsic 
doping. In practice this means that the samples have an n-type doping of 1017cm-3 . 
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Figure 5.2: Schematic of the quanturn well structures. The laser pulses are incident from 
the upside of the picture at an angle almost perpendicular to the quanturn well planes. 

The global structure of the samples is depicted in figure 5.2. On a gallium arsenide 
substrate first a buffer layer is deposited with the same (zinc blende) structure as cadmium 
telluride and cadmium manganese telluride. Then follows the stack of quanturn wells and 
harriers and finally a cap is put on top to proteet the ( quantum) structure oxidation. 

Four samples will be compared: two samples with manganese inside the quanturn well 
and no manganese in the harrier and two samples with manganese in the harrier but not 
inside the well. Samples will be indicated by the percentage of manganese in the well (x 
and in the harrier (y). Also the thickness of the well ( w) will be indicated, leading to the 
notation "x(w)fy" . 

Samples "O(lOOA)/10" and "0(65A)/10": 
0.5 mm GaAs + 3.0 J.i,m CdTe substrate 
500 A Cd0.9Mn0.1 Te buffer 
10 x (CdTe well + 100 A Cd0.9Mn0.1Te harrier) 
500 A Cdo.gMn0.1 Te cap 

with different well widths for both samples. Sample 0(100A)/10 has a well width of 
100 A and 0(65A)/10 has a well width of 65 A. Since the harriers contain no manganese, 
the bandgap in these samples is close to the value for bulk cadmium telluride, especially 
for the wide well. lf the laser photon energy is close to these bandgaps, both signals from 
the CdTe part of the substrate and from the CdTe quanturn wells are observed. This has 
the advantage that the sample can also be used to compare spin dynamics in the quanturn 
well and in the bulk materiaL On the other hand the fitting of the measurement data 
becomes more complex. 
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Samples "4(80A)/O" and "7(80A)/O": 
0.5 mm GaAs + 4.2 p,m Cd0.75 Mg0.25Te substrate 
0.3p,m Cdo.ssMgo.IsTe buffer 
10 x (80 A Cdl-xMnx Te well + 250 A Cdo.s5Mgo.15Te harrier) 
0.1 p,m Cdo.ssMgo.IsTe cap 

where the percentage of manganese in the well x is 4 % for sample 4(80A)/O and 7 % for 
sample 7(80A)/O. 

This series of samples enables the study of spin dynamics for varying manganese concen
tration and well widths. This proves very useful when characterizing exchange interactions, 
excitonic effects etc. 
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Chapter 6 

Interpretation of the magneto-optical 
signal 

This chapter treats the concepts necessary to understand the analysis of the results chapter 
by showing measurements for one specific sample as an example. The sample used is the 
Cd1_xMnx Te/Cd1_yMgy Te quanturn well structure with 4% manganese in the well and 
15% magnesium in the harrier, sample 4(80Á)/O. 

First the interpretation of a single measurement where the probe beam delay time is 
scanned will be discussed. The fitting functions used will also be explained. A second 
important subject of this chapter is the investigation whether the measured magneto
optical signals unambiguously depend on the spin dynamics or that drifting measurement 
parameters and secondary effects of the measurements play a role. Especially the effect of 
the application of a magnetic field and of a changed laser wavelength will be discussed. 

6.1 Simple decay of the spin imbalance 

The most elementary measurement using TiMMS is to look at the time evolution of the 
magneto-optical signal by scanning the pump-probe delay time. From this the decay of the 
spin imbalance after excitation by a pump laser pulse at fixed wavelength as a function of 
time has to be determined. Both pump and probe beam are incident perpendicular to the 
plane of the quanturn well and the spin component in the direction of pump and probe beam 
is modified and measured, respectively, which follows from equations 4.3 and 4.10. The 
result of such a measurement at a quanturn well containing about 4% magnetic manganese 
ions (sample 4(80Á)/O) is shown in figure 6.1. 

Figure 6.1 shows that before the arrival of the pump pulse there is no signal: there is 
not yet a spin imbalance introduced in the material so the optical response to light of each 
handedness is equal. Then, at the arrival of the pump pulse, the spin-imbalance is created 
and the signal shows a sharp rise. This is not a step function due to the finite integration 
times and scan speed. After creation the spin-imbalance starts to decay exponentially. 

In figure 6.1 besides the measurement data also a fit is drawn. This fit takes into ac-
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Figure 6.1: The decay of the magneto-optical signal for sample 4(80Á)/O after excitation 
by a circular polarized pump laser pulse. The light photon energy was 1.712 eV, close to the 
bandgap of the quanturn well, where magneto-optical signals are largest. The temperature 
was 5.5 K. 

count an exponential decay for each component to the signal. At times smaller than zero, 
so before creation of the spin-imbalance by the pump pulse, this fit-function is set to zero. 
Two exponentially decaying contributions to the magneto-optical signal with an approxi
mately equal initial magnitude are clearly visible in figure 6.1, especially in the plot with 
logarithmic scale. These can be identified with the decays of the electron spin-imbalance 
and the hole-spin-imbalance. It should be pointed out that the spin relaxation times are 
shorter than the electron-hole recombination time for both components: recombination 
times are for this sample always more than 200 ps. Later on the recombination times will 
be discussed in more depth. 

At very short time scales (within the first picosecoud after excitation) it is possible to 
have some deviation between the measurement data and the fit . Two contributions to this 
discrepancy can be identified. At timescales shorter than half a picosecoud after excitation 
a coherent scattering process in the focus of both the pump and probe laser beams exists. 
If pump and probe pulses overlap, two photons from the pump and the probe beam can 
interfere and have common electric field with the structure of a grating. A third photon, 
from the pump beam, can under the influence of the resulting electric field of the other two 
be deflected in the direction of the reflected probe beam, which causes a very large "signal" 
with a duration of the autocorrelation function of pump and probe pulses, [KoJ99]. 

Another contribution is the decay of electrans and holes into thermal distributions 
in respectively the conduction and valenee bands, which modifles the amount of avail
able states for each energy. This has been investigated and put into a model by Koop
mans et al [KoA99]. They found values for carrier thermalization of below 0.5 ps for 
a sample with a "0(100)/13(200)" quanturn well structure, but they measured at room 
temperature. At low temperatures the formation of a thermal distribution of carriers 
probably takes more time. The thermalization process has also been simulated by Han-
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newald et al [HanOI]. For GaAs they found thermalization times of the order of a picosec
ond. Carrier thermalization can thus possibly cause a difference between measurement and 
fit at short time scales. 

In condusion it can be said that it is possible to measure spin dynamics by scanning 
the pump-probe delay. However, if the decay times of the magneto-optical signal are very 
short or if they are very close together, fitting of the data becomes complex and a better 
method is desired to separate the different contributions to the signal. 

6.2 Application of a magnetic field 

In the previous section both electron and hole spin imbalances were visible in the signal as 
exponentially decaying components of the signal. In order to easily identify the different 
components, a magnetic field is applied perpendicular to the direction of the laser beam. 

6.2.1 Discrimination by precession frequencies 

If a magnetic field is applied perpendicular to the direction of the laser beam, spins of 
injected carriers will tend to precess around the magnetic field. By measuring the compo
nents of the spin perpendicular to the magnetic field (parallel to the surface normal), an 
oscillating magneto-optical signal can be observed. 

Because different types of carriers may display a different precessional behavior, 
a more robust separation of different scattering mechanisms is possible this way. 

More specifically, in the quanturn well structures discussed, it is possible to observe pre
cession of the spins of the excited electrons. Contrary to the electrans the holes cannot 
precess, because of the quanturn well confinement. In a manganese doped quanturn well 
the heavy hole and light hole states are non-degenerate. Since the holes have all decayed 
to the top of the valenee band they only have the m 1 = ±3/2 heavy hole states available. 
The m 1 = ±1/2 light hole states are, in this case, at an energy of about 50 me V below the 
heavy hole states and therefore not available for precession. Thus the holes are all trapped 
in the m 1 = ±3/2 states. The different behavior of electrans and holes allows to easily 
discriminate between the different contributions to the magneto-optical signal. 

An example of a measurement with an applied magnetic field is given in figure 6.2. The 
situation is exactly the same as the one from the measurement shown in figure 6.1, except 
for the perpendicular magnetic field. 

With respect to figure 6.1 there is one major change: the presence of oscillatory com
ponents. At least two oscillating components can be recognized, which was also observed 
by Crooker et al for similar structures [Cro97]. There is one fast oscillation (of about 
600 GHz) with an amplitude that dies out exponentially in the first 10 ps. The other 
is a much slower oscillation (of approximately 23 GHz) and it has a very long lifetime 
(» 100 ps). A third component present in the signal does not appear to precess. 
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Figure 6.2: The decay of the magneto-optical signal for sample 4(80Á) /0 after excitation 
by a circularly polarized pump pulse, when a 0.65 T field is applied perpendicular to the 
laser beam. The laser photon energy was 1.712 eV, close to the bandgap of the quanturn 
well, where magneto-optical signals are largest. The temperature was 5.5 K. 

A satisfactory fit can be achieved using three components: two harmonically asciilating 
functions with exponentially decreasing amplitude and one ordinary exponential function . 
The fitting function is given in equation 6.1: 

where J(t) is the magnitude of the magneto-optical signal as a function of the time after 
excitation. Ai, Ti, fi and I.Pi are the amplitudes, decay times, asciilation frequencies and 
initia! phases of the osciilations of the different components, respectively. In figure 6.2 it 
can clearly be seen that at least two osciilations take place around a single exponential 
decaying function. 

The fast asciilating signal can be attributed to the electrans which are precessing around 
the applied magnetic field. The precession frequency, f, can be converted into an electron 
g factor by: 

(6.2) 

where B is the applied magnetic field perpendicular to the laser beam. The electron 
precession frequency of 600 GHz corresponds to ag-factor of 50. This extraordinary high 
g-factor occurs in DMS structures as aresult of the sp- d interaction between the excited 
electrans and the manganese d-electrons, discussed in chapter 2. The spin imbalance 
decay time of 4.1 ps, as is found from the fit , is common for electrans in this sample at a 
temperature of 5 K. 

The non-osciilatory decay is ascribed to the hole spin imbalance. In this case the hole 
spin relaxes faster than the electron spin imbalance with a decay time of 1.2 ps. 
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The slowly asciilating signal is due to precession of manganese d-electrons. Manganese 
d-electrons are starting to precess due tospin transfer from the excited electron system to 
the manganese system via the sp- d exchange interaction mentioned in chapter 3. Besides 
that this transfer causes a loss of the spin imbalance in the excited electron system, a net 
polarization is built up in the manganese system. The polarization of the manganese system 
is observed via its effect on the system of the excited electrons. The excited electrans follow 
the precession of the manganese d-electron to a certain extend, due to s - d interaction. 
The manganese d-electrons have a typical g-factor of 2.0. 

6.2.2 Effects of the magnetic field 

The applied magnetic field distinguishes very well between electron and hole spin dynam
ics. However, a magnetic field can only be used if it does not affect spin dynamics itself. 
Therefore the effects of an applied magnetic field on spin relaxation times have been in
vestigated. 

In figure 6.3 the results of several measurements with a transverse magnetic field in 
which the pump-probe delay was varied, like the one depicted in figure 6.2, have been 
combined. From each single scan the electron and manganese spin precession frequencies 
have been calculated and the results are drawn in the figure. The uncertainties in the data 
areabout 0.5 GHz and 1 GHz for the electron and manganese, respectively. It can beseen 
that the precession frequency scales ( approximately) linearly with the magnetic field as is 
common for Larmor precession. The deviation from the linear behavior was also observed 
by Crooker et al [Cro97]. This deviation can also bedescribed by a decreasing g-factor at 
higher fields . A lower g-factor can be due to the alignment of the mangnese spins along 
the applied field. The latter alignment lowers the polarization of the manganese moments 
parallel to the spin of the conduction electron. In figure 6.3 the enhanced g-factors of the 
excited electrans can again be observed. 

In figure 6.4 it can be observed that while changing precession frequencies by adjusting 
the magnetic fields the electron spin imbalance decay times do not change for more than 
5-10%. The dependenee of electron spin relaxation times on an applied magnetic was also 
stuclied by Camilleri et al [Cam01]. They found a constant electron spin relaxation rate for 
magnetic fields in the range from 0 to 4 T. So the application of a magnetic field does not 
distart the electron spin dynamics, which makes it an ideal tool for selecting the electron 
component from the total magneto-optical signal. The largest deviation from the averaged 
spin relaxation time occurs at zero field: this is because electron and hole contributions 
are not separable by their g-factors anymore and it pleads strongly in favor of application 
of a magnetic field. 

For the holes the situation is similar to the one for the electrons. There appears to 
be no structural dependenee of the hole spin relaxation times on the applied magnetic 
field. Application of a magnetic field is thus suitable technique for measuring the hole spin 
relaxation times separate from the electron spin relaxation times. However, the spread 
in measured spin relaxation times (about 15%) is larger than for the electrons. This can 
be explained by two effects. First, holes spin relaxation times are relatively short, so the 
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Figure 6.3: Dependenee of the precession frequency of excited electrans and manganese 
d-electrons on the magnitude of a transversely applied field. The quanturn well used 
contained about 4% magnetic manganese ions. The temperature was 5 K, the photon 
energy of the laser pulses was 1.712 nm. 

fit might be influenced by a thermalization effect, as described in the previous section. 
Second, contrary to the electrons, the holes do not precess, so the hole spin dynamics 
cannot be separated from thermal effects and a possible offset in the measurement by their 
precession frequency. 

In condusion it seems safe to set a magnetic field in order to be able to separate the 
electron and hole contributions to the magneto-optical signal. 

The magnetic field discriminates very welt between the different components of 
the signaland na structural dependenee of the electron and hole spin imbalances 
on the magnetic field is observed. 

6.3 Spectrum of the resonance curve 

When descrihing the dependenee on the laser pulse wavelengthof the magneto-optical sig
nal it is useful to show a photoluminescence spectrum first in order to be able compare 
the TiMMS spectrum with the photoluminescence spectrum. In figure 6.5 the photolumi
nescence spectrum of sample 4(80Á)/O is shown. It consistsof one peak at 1.709 eV. This 
corresponds to the energy of the exciton consisting of an electron and a hole in the lowest 
energy state. The harrier materialand the buffer layer have bandgaps that exceed 1.85 eV. 
Therefore photoemission from these parts of the structure is not in the window shown in 
figure 6.5. 
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Figure 6.4: Spin imbalance decay times as functions of a transversely applied magnetic 
field at a temperature of 5 K with a laser photon energy of 1.712 eV. The system is the 
same as in figure 6.3. 

Next, the magnitude of the magneto-optical signalis looked at. In chapter 4 predictions 
have been made that the magneto-optical signal should have a bipolar resonance curve. 
This section gives an investigation whether this is true indeed. Figure 6.6 depiets the 
magnitude of the magneto-optical signal as a function of the photon energy of the incident 
laser pulses. No magnetic field is applied, so there is no electron or manganese precession. 
The pump-probe delay is set at a short time interval, where signals are largest, in this 
case the probe arrived at 5 ps after excitation by the pump pulse. Then the wavelength is 
scanned while keeping all other parameters constant. 

A large bipolar resonance is observed around 1.715 eV. This is slightly higher than 
the value found in the photoluminescence measurement. The spectrum of the resonance 
structure as a function of time is described by Koopmans, et al [KoA99]. They observed, 
and described in a model, that the bandgap in the quanturn well is actually at the same 
speetral position as the lower energy extremum of the spectrum of the magneto-optical 
signal. Furthermore, photoluminescence takes place mainly from the excited state that is 
lowest in energy. So emission occurs at this energy and the photoluminescence spectrum 
is red-shifted. In the present case also the laser pulse width in energy domain (in this 
case approximately 5 me V) in combination with the higher laser efficiency at lower photon 
energies can play a role, so that a smaller magneto-optical effect can be compensated by a 
larger laser power. 

At again a higher energy there is a second bipolar resonance. This one is probably 
due to excited electrans and holes that are not part of an exciton. The fact that bound 
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Figure 6.5: Photoluminescence spectrum of the quanturn well containing 4% manganese 
ions, sample 4(80Á)/O after excitation with a 2.33 eV laser beam. The spectrum was taken 
at 4.4 K. 

and free electron-hole pairs can be observed separately permits the attribution of different 
properties for both of them, as will be done in the next chapter. 

6.4 Dependenee on laser power 

When spin dynamics is measured via an optical method, like in TiMMS, also secondary 
effects of the laser are important. If there are any fluctuations in laser power, they should be 
corrected for. The dependenee of the magneto-optical signal on the laser power is of special 
importance since the laser power changes with the laser wavelength. Two effects can be 
expected: (i) an increase of the induced carrier density with an increasing laser power and 
(ii) an enhanced local heating of the samplefora higher laser power. As to the effect of the 
carrier density, the magnitude of the magneto-optical signal should be proportional to the 
laser power, since twice as many electrans induce a twice as large spin imbalance. Moreover, 
the amount of free carriers can in principle influence the spin dynamics, regardless of 
the spin of these carriers, as was observed by Beschoten et al [Besül]. Heating of the 
samples can influence the measurements because of the temperature dependencies of the 
spin dynamics. Also indirect effects are possible due to a shift of the magneto-optical 
spectrum for changing temperatures. 

Figures 6. 7a through e show the dependencies of the amplitudes of the different com
ponents of the magneto-optical signal, the precession frequencies of the free electrans and 
manganese d-electrons and the spin relaxation times for both electrans and holes, all as a 
function of the pump pulse power at a constant photon energy. In figures 6.7a and d it 
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Figure 6.6: Magnitude of the magneto-optical signalas a function of the photon energy of 
the laser pulse for sample 4(80Á)/O. The signal is probed 5 ps after arrival of the pump 
pulse. The temperature is 5 K. 

can be seen that the signal is not proportional to the pump power over the whole laser 
power range. With an increasing pump beam power the magneto-optical signal saturates, 
leading to a maximumsignalat a laser power of about 60 mW (2J.tJ/cm2 per pulse at a 
repetition rate of 82 MHz). This laser power is used in an approximation of the amount of 
excited electrans versus the number of free electrans due to doping. When the absorption 
depth is assumed to be about ten times the laser wavelengthand if there is no absorption 
in the harriers, then a bout 1% of the pump pulse is absorbed and the density of the excited 
carriers is 1018 cm-3 . This is an order of magnitude higher than the (unwanted) intrinsic 
n-type doping of 1017 cm - 3 . Thus intrinsic doping is only of minor importance for the spin 
dynamics. 

The decay time of the hole spin imbalance is found to drop rapidly whereas the electron 
decay time remains about constant as a function of the pump beam power, as can beseen 
in figure 6.7b. Also the electron precession frequency (figure 6.7c has a fast decrease with 
the pump beam intensity. Finally the manganese cl-electron precession remains the same 
independent of the pump power. 

All the deviations from the expected dependenee on the laser power, can be 
explained by (i) taking saturation into account, as described above, and (ii) 
assuming that the temperature of the sample in the laser spot rises by about 
5 K for a pump power of 100 mW. 

Temperature dependencies will be discussed later in more detail. However, it is relatively 
easy to correct for this temperature rise, so no special precautions have to be taken. 

37 



6.5 Two-color experiments 

When a higher resolution is wanted in the photon energy domain, the monochromator is 
placed in the probe beam. The speetral resolution of the probe can be adjusted with the 
help of the monochromator, but the price of a higher speetral resolution is a lower resolution 
in the time domain, according to the fact that the two are each other's Fourier transform. 
The monochromator is thus set at a compromising resolution. Besides the higher speetral 
resolution, an additional advantage of the use of a monochromator is the ability to tune 
the wavelength of pump and probe beams separately. By using the monochromator we 
typically select a probe photon energy range of 5 meV, while the laser pulse width can be 
up to 50 meV (FWHM). 

The monochromator selects a certain wavelength band from the laser pulse spectrum. 
Since the laser pulse has approximately a Gaussian distribution of energies, the amount 
of probe light reaching the detector is at its maximum if the monochromator is set at the 
center wavelength of the laser pulse. If the monochromator position is tuned away from the 
center the amount of probe light on the detector diminishes, even though the Kerr rotation 
might be the same. To correct for this, all scans of the photon energy were normalized by 
the mean intensity of the probe pulse after the monochromator. In figure 6.8 the effect 
of the monochromator on the intensity of the probe beam is explained. Since the signal 
far away from the central wavelength is normalized with almost zero average transmitted 
intensity, noise in the measured spectrum is blown up to very large values. Thus, when 
the monochromator is used in the range where there is almost no intensity left, the signal 
is manually set to zero. Figure 6.9 is an example of the result of such an analysis. The 
amplitude of the magneto-optical signal at a constant time after excitation is shown as a 
function of the photon energy of the probe beam for various central photon energies of the 
pump beam. 

First of all it can be seen in this figure that the position of the peaks in the magneto
optical spectrum is independent of the central energy of the laser pulses. This means that 
the wavelength of the pump pulse is not critical for the experiment, and that the speetral 
dependenee of the magneto-optical signal can be measured, at least qualitatively, by only 
changing the wavelength (photon energy) of the probe pulse by the use of the monochro
mator while fixing the pump pulse wavelength. An interesting aspect of measuring this 
way is the fact that the temporal magneto-optical spectrum is measured at a fixed distri
bution of initially excited states. In this sense, the experiment is analogous to a two-color 
experiment in which pump and probe are independently tunable. This would in principle 
allow for a more detailed study of thermalization processes. 

Second, in this figure one can see much more structure than would have been possible 
in a measurement without the monochromator, since the laser pulses have a width of about 
15 nm in this wavelength range. In that case the main bipolar resonance structure ( with 
extrema numbered 1 and 2) would have spread out for 7-8 nm to each side, thus hiding 
the other resonance structures completely. 

With this setup also measurements under other conditions have been performed. For 
example, resonance spectra like in figure 6.9 have also been taken at other temperatures. 
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The measured resonance extrema all shift down in energy with increasing temperature. 
This behavior corresponds well with the expected shift due to the temperature dependenee 
of the fundamental bandgap of CdTe. 

Altogether, it can be concluded that the features observed in figure 6. 9 are re
ally related to the magneto-optical spectrum and nat due to an artifact of the 
measurement procedure. 

As one of the most exciting applications the extra resolution in the energy domain 
is applied to study the dynamics of "free" excited electrans and that of electrans bound 
in excitons separately, as will be discussed in the next chapter. In the resonance curve 
depicted in figure 6.9 two bipolar resonance structures can be resolved: we conjecture that 
the one at the lowest energy is for the exciton energy, and the other one at a slightly 
higher energy for the regular excited electron-hole pairs. It is thus possible to reveal the 
spin dynamics for the conduction band and exciton electrans separately, by measuring the 
magneto-optical signal as a function of time after excitation at a high speetral resolution. 
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Figure 6.7: Dependencies of the magneto-optical signal on the power of the pump pulse, at 
a constant power of the probe pulse. In figure 6.7a the amplitude of the magneto-optical 
signal is given. Figure 6.7b shows the spin imbalance relaxation times, figure 6.7c the 
effect of pump beam power differences on the electron precession frequency, figure 6.7d 
shows the amplitude of the manganese cl-electron component to the signal and finally 
figure 6. 7e shows the dependenee of the manganese cl-electron precession frequency on the 
pump pulse energy. The system used is sample 4(80Á) jO. The temperature was 5 K, laser 
photon energy 1.709 eV. 

41 



monochromator 
profile 

I I I I I I I I I 
-16 -14 -12 -10 -8 -6 -4 -2 0 

').__:;.._c 

I I I I I I I I 
2 4 6 8 10 12 14 16 

Figure 6.8: The effect of a monochromator on the intensity of a laser pulse. The monochro
mator only transmits a part of the spectrum of the laser pulse. The amount of transmitted 
light is thus dependent on the speetral position of the monochromator in the laser pulse. 

1.64 1.66 1.68 1.70 1.72 1.74 

1000 

El 800 

600 I ::I 400 

i ; 

200 
(ij 
c: 

0 Cl 
ëii 
(ij -200 
0 
"ä 

-400 0 
6 
(i) -600 c: 
Cl 
Cll -800 :::2: 

-1000 

1.64 1.66 1.68 1.70 1.72 1.74 

Photon energy (eV) 

Figure 6.9: Wavelength dependenee of the magnitude of the magneto-optical signal for a 
4% manganese doped quanturn wellat 80 K, normalized for both transmitted probe beam 
intensity and pump beam intensity. The measurements were performed for several pump 
pulse photon energies at a constant delay time of 5 ps. 
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Chapter 7 

Results and discussion 

In this chapter the concepts treated in the previous chapter will be exploited in a study 
on the relative importance of different spin scattering processes after excitation of the 
Cd1_xMnx Te quanturn well structures, described in chapter 5. By looking at the depen
dencies of spin relaxation times on the manganese content, scattering mechanisms that 
are manganese exchange interaction dependent can be distinguished. Particular emphasis 
will be on temperature dependencies and the role of excitons. A relaxation scheme will be 
proposed that is consistent with all measurements performed. 

7.1 General characteristics 

A first impression of the spin relaxation of various samples compared to each other can be 
obtained by measuring the temporal magneto-optical response for a laser photon energy 
around the bandgap and in the absence of an applied field. This way the evolution in time 
of the induced spin imbalance is observed. Figure 7.1 gives the spin relaxation for samples 
O(lOOÁ)/10, 0(65Á)/10 and 4(80Á)/O from chapter 5. 

The magneto-optical signals here are normalized to a value of 1 at 2 ps after spin
injection. Without doing any detailed analysis it is clear that the sample containing mag
netic moments inside the well has a much faster spin relaxation than the other samples. 
This can be explained by looking again at the spin relaxation mechanisms discussed in 
chapter 3. All mechanisms basedon sp- d exchange interactions are "turned off" when no 
manganese is present in the well. The overlap between the electron and hole wavefunctions 
with the manganese i ons is much smaller in the harrier, so the sp - d scattering is much 
smaller there. The difference in relaxation rate between the two samples without magnetic 
moments in the wellis only minor and needs a more precise analysis, which will be given 
in section 7.4. 

Another important property for characterization of the quanturn wells is the bandgap. 
Table 7.1 gives the bandgaps for all quanturn well structures described in chapter 5 mea
sured by their photoluminescence at 4 K. The samples without manganese in the quanturn 
well were grown on a (bulk) cadmium telluride buffer layer with a bandgap also shown in 
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Figure 7.1: Spin relaxation as a function of the time after arrival of the pump pulse. 
Considered are three different samples, samples 0(100Á)/10, 0(65Á)/10 and 4(80Á)/O from 
chapter 5: Sample 4(80Á)/O has 4% manganese inside the quanturn welland no manganese 
in the harrier and samples 0(100Á)/10 and 0(65Á)/10 have no manganese inside the well, 
but 10% manganese in the harrier. The difference between the last two is the well width 
(65 A and 100 Á). 

table 7.1. During both photoluminescence and TiMMS measurements this bulk layer is 
also visible in the signal. This offers the possibility to compare the magneto-optical signal 
from the quanturn well with that from the bulk materiaL On the other hand, the bulk 
signal causes the analysis of the measurement data to be more complex, which introduces 
an extra inaccuracy to the results. 

7. 2 Electron g-factors 

A more detailed analysis of the spin dynamics is possible by applying a transverse magnetic 
field during the measurement. As explained in the previous chapter the various components 
can be resolved by their different precession frequencies around this magnetic field. The 
precession frequencies are determined by the camponent's g-factor. The g-factor strongly 
depends on the composition of the semiconductor and the temperature. Therefore the 
g-factors for the different samples are investigated in more detail. 

Because of their strong temperature dependence, the excited electron g-factors are 
displayed in figure 7.2 as a function of temperature. Each data point contains the results 
of a fit of a measurement of the magneto-optical signal as a function of time after excitation 
with a transversely applied magnetic field of 1 Tesla. The laser wavelength is set at the 
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Sample Eo(eV) 
0(100A)/10 1.609 
0(65A)/10 1.631 
4(80A)/O 1.709 
7(80A)/O 1.756 
CdTe bulk 1.592 

Table 7.1: The bandgap of the quanturn well structures, described in chapter 5 as well as 
of bulk cadmium telluride, measured via their photoluminescence. 

value where the magnitude of the signalis largest. For sample 7(80A)/O this would require 
for temperatures below 60 K a laser photon energy of over 1.74 eV, which is beyond the 
laser range (1.425-1.735 eV). Since the g-factors are derived from the electron precession 
frequency and the direction of precession cannot be determined, the signs of the g-values 
are not known from the measurements. However, the g-factor for bulk CdTe can be found 
in literature [Lan87) and has a negative value of -1.6. The signs of all data points have 
been derived from this by physical intuition, assuming that deviations from the bulk arise 
mainly from interaction with manganese ions. The uncertainties in the results are in 
principle smaller than the size of the data points themselves. However, when fitting the 
data, separation between different components is not always possible if g-factors are close 
to each other, and this can lead to larger errors. The data point at 80 K for sample 
0(65A)/10 probably suffers from this problem. 

At low temperatures the electron g-factors rise to values of 50 and higher due to the 
sp- d exchange interaction. For the quanturn wells containing magnetic moments these 
values are much higher than for the other quanturn wells, because of the higher overlap of 
electron and manganese wavefunctions, which means a stronger interaction. The sample 
with the higher manganese concentration has again a higherg-factor than the one with the 
lower amount of manganese. This is, of course, aresult of the linear dependenee of the sp-d 
exchange interaction on the density of d magnetic moment, thus on the manganese concen
tration. A similar effect is observed when camparing samples 0(100A)/10 and 0(65A)/10: 
for the smaller quanturn well the electron wavefunction has a larger penetration into the 
harrier, and therefore a stronger sp- d exchange coupling. 

At higher temperatures the g-factors all drop off. For the cadmium telluride wells the 
g-factor drops to -1.1 (100 A well) and -0.6 (65 A) well, which is comparable to the value 
measured for bulk cadmium telluride of -1.5 (-1.6 in literature [Lan87]), where there is no 
sp- d exchange interaction. The val u es for the quanturn wells and the bulk material do not 
have to be the same, because the samples consist of cadmium telluride wells , whereas the 
value from literature is for the bulk materiaL Moreover, a finite influence of the manganese 
content on the g-factor can persist up toroom temperature. For the manganese containing 
wells the temperature behavior of the g-factors is qualitatively the same, except for the 
fact that the sp- d interaction is larger and the g-factors drop off to slightly higher values. 
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Figure 7.2: g-factor of the precessing excited electrans for all samples from chapter 5: sam
ples 0(100Á)/10 and 0(65Á)/10 withno manganese inside the welland samples 4(80Á)/O 
and 7(80Á)/O with respectively 4% and 7% manganese in the quanturn well. The wave
length of the laser pulses used is chosen such that the signal is largest. 

In conclusion, the g-factor derived from the TiMMS experiments on the various 
samples, as well as their temperature dependence, are well understood. Thus, 
they can be used as a starting point for a further investigation of the spin 
dynamics. 

7.3 Recombination of electrous and holes 

A proper interpretation of the TiMMS experiments requires knowledge of the electron-hole 
recombination times. Therefore, non-magnetic transient refiection experiments, described 
in section 5.1, have been performed to derive these recombination times for the quanturn 
structures investigated. Fits of the exponential decay present an accurate estimate of the 
recombination times. 

In figure 7.3 the electron-hole recombination times are given as a function of tempera
ture. The results are obtained from a fit of the signal decay times after scanning the time 
after excitation. As discussed before, for sample O(lOOÁ)/10 some complications might 
occur in interpretation, because of competing contributions from quanturn welland buffer 
layer. Therefore a more detailed analysis is restricted to sample 4(80Á)/O. 

U pon cooling from 280 Kan increase in electron-hole recombination timeTris observed. 
The trend at higher temperatures can be explained by noticing that at higher temperatures 
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Figure 7.3: Electron-hole recombination times as a function of the temperature. In this 
case the pump pulse is linearly polarized but its intensity is modulated. The plots are for 
one well with magnetic moments injected, 4(80Á)/O, and for and well without magnetic 
moments, O(lOOÁ)/10. 

the electrans and holes have higher thermal veloeities and can thus interact more often. 
The trend for temperatures below 100 K is rather counterintuitive, since recombination 

goes faster for lower temperatures in this regime. This behavior is possibly due to the 
formation of excitons. At these temperatures the exciton becomes stable. In the exciton 
state the electron and hole are more or less bound tagether by their mutual Coulomb force. 
So the chance that they collide and recombine increases as the exciton is becoming more 
and more stabie and more electron-hole pairs are in the exciton state, which is at lower 
temperatures. 

Independent of the detailed analysis, the recombination times are found to be larger 
than 200 ps for both samples and over the complete temperature domain used in the 
experiments, as can beseen in figure 7.3. This is more than one order of magnitude larger 
than almast all of the spin relaxation times observed. 

Thus, at this stage it can be concluded that the electron-hole pairs exist long 
enough nat to interfere with the experimental determination of the decay of the 
spin imbalance. 

7.4 Spin relaxation times 

Spin relaxation times are the key observables in a study of spin dynamics. Spin dynamics 
in general, and in magnetic semiconductor quanturn structures in particular, is highly 
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temperature-dependent. The dependencies of scattering mechanisms on the temperature 
reveal the dependencies of scattering mechanisms on the wavevector k and resolve different 
scattering mechanisms. Many of the time domain studies on magnetic semiconductors were 
performed at low temperatures [Cro97) and at room temperature [KoJ99), [KoS99) and 
[KimOO), but detailed explicit temperature dependencies are still lacking. Thus, special 
attention will go to temperature dependencies. 

Since spin relaxation is different for electrans and holes, electron and hole relaxation 
rates can be discussed separately. Afterwards, the modifications of the spin relaxation 
times caused by binding in an exciton will be discussed. 

7 .4.1 Hole spin relaxation times 

Holescan change their spin by hole-phonon scattering and by the p- d exchange interac
tion. Both processes only occur away from the r point at nonzero k-values. Therefore, a 
certain disorder in hole momenturn is needed for these mechanisms, which means that both 
spin relaxation mechanisms become only effective at higher temperatures. The hole spin 
relaxation times are thus expected to decrease rapidly with an increasing temperature. For 
hole-phonon scattering this behavior is enhanced, since at higher temperatures phonons 
are available for absorption contrary to hole-phonon scattering at low temperatures, where 
only emission of phonons is possible. 

Figure 7.4 is a graph of the hole spin relaxation times as a function of temperature. 
Again this graph is a plot of the results of fits to the data from a delay time scan between 
the prohing and the pump pulse, in which the laser energy is adjusted to the value with 
the maximum magneto-optical signal. 

Figure 7.4 shows that for sample O(lOOÁ)/10 the hole spin relaxation time Ts,h is several 
picosecouds at low temperatures and shows a strong decrease upon increasing temperature. 
For temperatures above 70 K no finite hole spin imbalance decay time could be resolved 
with the current settings, which puts an upper limit of 0.5 ps ( Ts,h < 0.5 ps) . This is exactly 
what one would expect: At higher temperatures (T> 70 K) both relaxation mechanisms 
are very efficient due to the thermal disorder in the hole momenta. However, at 5 Kthere 
are only few holes with k-values that allow for hole scattering possible. This means that 
the spin scattering through these scatter mechanisms is virtually zero. Thus, when the 
temperature is raised the holes can indeed balance their total spin much faster. 

7 .4.2 Electron spin relaxation 

For the electrans the interpretation is not as straightforward, since the electron spin relax
ation time has a less pronounced temperature dependence. First, the dependenee of the 
electron spin relaxation on the manganese content is considered. The bandgap in the cad
mium telluride quanturn well is close to linearly dependent on the fraction of manganese 
cations. If the manganese is in the harrier, the effect on the bandgap is smaller, but still 
present via the penetration of the wavefunction in the harrier. On the other hand the 
overlap of the electron wavefunction and manganese in the harrier is also smaller than for 
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Figure 7.4: Relaxation times ofthe spin imbalance of excited holes in a cadmium manganese 
telluride quanturn well (sample O(lOOÁ)/10) as a function of temperature. The laser pulses 
used were set at the speetral position of the largest signal magnitude. 

manganese in the well. In order to get some feeling for the effect of the manganese ions 
on the spin relaxation time the results of several measurements at room temperature for 
samples with various amounts of manganese have been plotted in tigure 7.5, sorted by their 
bandgaps. The values given are the result of a fit of a measurement as a function of time, 
all at a transversal magnetic field of 0.87 T. Additionally, one literature value, performed 
without a magnetic field, by Koopmans is shown. Figure 7.5 shows that electron spin 
relaxation times are highly manganese dependent . 

Thus, the scattering of electron spins with the local magnetic moments on the 
manganese ions plays an important role in the electron spin dynamics. 

This condusion is in agreement with recent work of Akimoto et al [Aki97]. 

7 .4.3 Electron spin relaxation in manganese rich wells 

After the dependencies on the density of manganese ions, temperature dependencies can be 
included in the discussion. The electron spin relaxation times as a function of temperature 
are drawn in tigure 7.6. The results are derived in the same way as those in tigure 7.5. 

First sample 4(80Á)/O is considered. At 5 K the electron spin imbalance decays with 
a characteristic time of 1.9 ps. As a function of increasing temperature the electron net 
spin relaxation time rises to 6. 7 ps at 300 K. This is counterintuitive, since scattering 
mechanisms usually go faster at higher temperatures. 
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Figure 7.5: Spin imbalance decay time of excited electrous as a function of sample bandgap 
at room temperature. Besides the samples discussed in chapter 5, also the results of a few 
older measurements have been shown. The SPSL (Short Period Superlattice) data point 
is measured on a sample described in reference [KoA99]. The data point marked with the 
open triangle has been measured earlier by Koopmans et al [KoS99]. The dashed line is a 
guide to the eye. 

A possible explanation for this remarkable behavior would be a difference in scattering 
rate for free electrous as compared to those bound in an exciton. More specifically, a 
mechanism in which the scattering is enhanced in the exciton state with respect to the 
state of a free electron and hole. If this conjecture would be right, a strong photon energy 
dependenee might possibly be observable: Tuning to the exciton energy should yield a 
shorter spin relaxation time than tuning to the energy of the free electron-hole pair. This 
type of experiment will be discussed in section 7.4.4. A more elementary discussion of a 
possible enhanced scattering is postponed to section 7.5. 

Figure 7.6 also shows the spin relaxation times for sample 7(80Á)/O. For sample 
7(80Á) /0 (7% manganese inside the well) the spin relaxation shows qualitatively the same 
behavior as the one for sample 4(80Á)/O. Overall, the relaxation is faster than for sample 
4(80Á)/O because of the higher concentration of manganese. The qualitatively deviating 
behavior for temperatures below 100 K (the data points between brackets) are probably 
due tothefact that at these temperatures the bandgap inside the wellis at the high energy 
end of the laser range. That is also the reason why this graph starts only at 80 K. 
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Figure 7.6: Spin imbalance decay time of excited electrous for samples 0(100Á)/10, 
4(80Á)/O and 7(80Á)/O. The wavelength of the laser pulses used is chosen such that 
the signal is largest. 

7 .4.4 Spin relaxation times for exciton-bound carriers 

In order to check the effect of excitons, the measurements of the spin relaxation times 
for sample 4(80Á)/O have been repeated, but now with a higher speetral resolution. This 
means that, if necessary, the monochromator was used as described in section 6.5. For a 
temperature of 5 K the result at high speetral resolution was already shown in figure 6.6. 
Of the two bipolar resonances visible the largest one is the one at the lower energy. This 
one is due to the exciton level. From a scan as a function of the time after the spin-selective 
excitation the spin imbalance decay times were derived for each extremum separately. For 
the measurement at theexciton resonance an average relaxation time of 2.6 ps was found; 
for conduction band electrous this was 4.8 ps. 

The same experiment was also performed at higher temperatures (Figure 7.7) . The 
difference in spin relaxation time between free and exciton-bound electrous diminishes 
with a rising temperature. At 150 K little difference in electron spin decay time (which 
is 4.5 ps) can be seen in the whole speetral range. This supports the idea of separate 
contributions to the magneto-optical signal, since at this temperature the thermal energy 
of the electrens exceeds the exciton binding energy and thus a lower fraction of electrens 
and holes are localized in a bound state. 

Another effect related to excitons was already observed in section 7.3. There it was 
observed that for temperatures below 100 K the electron-hole recombination time dropped 
off rapidly with decreasing temperature (exciton regime). Above this temperature, where 
excitons are not stable, however, the trend was exactly the other way around: as the 
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Figure 7.7: Spin imbalance decay time of excited electrans for sample 4(80Á)/O for free 
electrans and exciton-bound electrons. The wavelength of the laser pulses used is chosen 
such that the signal is largest. 

temperatures increases the electrans and holes recombine faster. 
For the holes, only at a temperature of 5 K a difference in spin relaxation rate for 

free and exciton-bound hole is observable (Tf~ee = 15- 20 ps; T:%c = 4.0 ps). At higher 
temperatures the spin relaxation times becom'e too short ( Ts,h < 1 'ps) to be able to distin
guish between exciton-bound and free hole contributions. In order to explain the difference 
between exciton and free hole relaxation times, a scattering mechanism is needed in which 
scattering is enhanced in the exciton states, just like for the free electrons and exciton 
bound electrons. In section 7.5 this will be discussed in more detail. 

7.4.5 Spin relaxation in manganese-poor wells and bulk material 

The spin relaxation times for sample 0(100Á)/10, drawn in figure 7.6, do not show a 
continuous increase, but after an initial rise from about 25 ps to 30 ps they decrease to 
approximately 20 ps. A decrease in electron spin relaxation time with temperature was 
also observed by Akimoto et al [Aki97]. The value at room temperature is in relatively 
good agreement with the slightly lower value of 14 ps previously obtained by Koopmans 
et al [KoA99], who measured at 300 K and used a sample that contained more manganese 
inside the harrier (13%) than sample 0(100Á)/10 (10% manganese). For the bulk CdTe 
the electron spin relaxation time rises from 35 ps up 110 ps as a function of temperature. 

In bulk Cd Te no infl.uence of manganese and confinement exists whatsoever. Spin relax
ation times rise with temperatures. The responsible relaxation mechanism thus becomes 
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less efficient at higher temperatures. 
The relaxation mechanism that is responsible for the increase in spin relaxation times 

in bulk CdTe, may also play a role in quanturn well structures without manganese in the 
well. However, at least one other relaxation mechanism must be present to explain the net 
decrease of the spin relaxation time with temperature for sample 0(100Á)/10. A candidate 
is the effect of a deeper penetration of the electron into the harrier at higher temperatures. 
This effect will be discussed in the next section that tries to put the spin relaxation times 
in a model , based on the various relaxation mechanisms. 

7.5 Discussion and modeHing 

After discussion of all spin relaxation times studied, a first attempt can be made in struc
turing the results. A scheme that describes the spin relaxation times should contain a link 
between relaxation times and relaxation mechanisms. Questions a model should help to 
answer are: 

• Is the electron-hole scattering of relevanee in the structure under investigation? 

• What is the relative importance of scattering on manganese ions and phonons? 

• Is it possible to produce an unambiguous and coherent interpretation of spin dynamics 
in cadmium manganese telluride quanturn well structures? 

In this section first the general "ingredients" for the model will be investigated. Then the 
specific results based on different assumptions will be discussed. Finally, these models will 
be compared to each other. 

7.5.1 The modeland experimental input 

The spin relaxation times are the natura} ingredients for a model descrihing spin dynamics. 
For convenience, all experimentally determined relaxation times used for further modeHing 
are collected in table 7.2. 

For sample 4(80Á) /0 all relaxation times for electrons and holes, both bound in excitons 
and free, are available. For sample 7(80Á)/O only electron spin relaxation times have been 
measured, since at the measurement temperatures the hole spins relax faster than can be 
observed. Spin relaxation times in sample 0(100Á)/10, have only been measured without 
the monochromator. At 5 K the measurement is speetrally resolved, but this is done by 
scanning the laser photon energy and due to the broad laser peak the stronger channel 
dominates the measurement. Therefore only one value for the electron spin relaxation 
times is given. 

The relaxation mechanisms that can play a role were all discussed in chapter 3. By 
appointing to them different transition rates and different (partial) relaxation times the 
measured spin relaxation times have to be described. Four spin relaxation channels are 
identified, leading to four independent parameters any model. Moreover, all channels can 
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Spin relaxation times in ps 
5K 80 K 160 K RT 

0(100A)/10 e (18) 25.9 24.1 18.1 
exc. e (22) x x x 

4(80A)/O e 4.8 4.6 4.7 6.3 
h 15-20 0 0 0 

exc. e 2.6 3.2 4.7 x 
exc. h 4.0 0 0 0 

7(80A)/O e x 3.4 2.9 4.0 
bulk CdTe e 35 76 105 110 

Table 7.2: Summary of all measured spin relaxation times (in ps) for both exciton bound 
( "exc. e", "exc. h") and unbound electrens and holes ( "e", "h"). If for a certain sample 
and temperature the bound and unbound states are not measured separately, the value is 
placed in the row for the unbound state. 

in principle depend on the electrens and holes being free or bound in an exciton, which 
imposes an extra degree of freedom. An overview of relaxation mechanisms is depicted in 
figure 7.8. 

electron 
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Figure 7.8: Overview of the relaxation mechanisms in a DMS quanturn well structure. 

The measured carrier spin relaxation times can be written in terms of the partial spin 
relaxation times, that are ascribed to the various relaxation mechanisms. Equations 7.1 and 
7.2 give the electron and hole spin relaxation times, respectively, as functions of electron
hole (Te-h), electron-manganese (Te-Mn), hole-manganese (Th-Mn) and hole-phonon (Th-ph) 
scattering times. 

(7.1) 

(7.2) 

The e-h spin scattering time is (by definition) equal for electrans and holes. Electron
phonon scattering is assumed to be zero. In the next two sections models for the carrier 
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spin dynamics, basedon equations 7.1 and 7.2, will he discussed. 

7.5.2 Hypothesis 1: electron-hole scattering independent ofman
ganese concentration 

A starting point for relating measured spin relaxation times ( rf~ee, r:~c, r!~ee and r:a;n to , , , ' 
the partial relaxation times ascribed to the various relaxation mechanisms, is the 

assumption that electron-hole scattering is independent of the concentration of 
manganese wns. 

Spin relaxation via electron-hole scattering is thus slower than ( or at maximum equal to) 
the spin relaxation in bulk CdTe. In quanturn wells, with the manganese either in the 
well or in the harrier, spin relaxation times are much short er than in the bulk. So the 
electron-hole scattering is only of minor importance for spin relaxation in the quanturn 
wells. 

In the bulk material the electron spin relaxation time rises from 35 ps at 5 K to 105 ps 
at 160 K and then further to 110 ps at room temperature. Figure 7.8 and equation 7.1 show 
that in bulk CdTe the spin relaxation is entirely due to electron-hole scattering, because 
of the absence of manganese. In order to explain its anomalous temperature dependence, 
we need a mechanism that increases electron-hole spin scattering at low temperatures 
either by a direct temperature dependence, or via exciton formation. The latter seems 
quite probable, because of the enhanced overlap of electron and hole wavefunctions in an 
exciton. Therefore the electron-hole spin scattering rate becomes higherand spin relaxation 
times are thus shorter for electrans and holes in the exciton state. If we assume that the 
observed temperature dependenee is mainly due to exciton formation, we derive from our 
experimental data, and by using equation 7.1, spin relaxation times of 35 ps for exciton 
bound electrans and 110 ps for free electrans ( r:~c = 35 ps and rf~ee = 110 ps). 

' ' In the quanturn wells with no manganese in the well, but only in the harrier, at low 
temperatures the electron spin relaxation times of the free electron and the exciton bound 
electron are respectively 18 ps and 22 ps. According to equation 7.1, this leads to electron
manganese spin-flip scattering times of ([18 ps]-1 - [110 ps]-1 t 1 = 22 ps and ([22 ps]-1 -

[35 ps]-1 t 1 = 59 ps, respectively. 
In order to explain this deviation in spin relaxation times, the following model is pro

posed. For structures with manganese in the harrier only, the electron spin scattering 
depends strongly on penetration of the wave functions into the harrier ( cf. Akimoto et 
al [Aki97], and section 7.4.5 of this thesis). Due to the Coulomb attraction between elec
trans and holes, excitonic wavefunctions are more localized and penetrate less into the 
harrier, sketched in figure 7.9. Thus, these wavefunctions have a smaller overlap with the 
manganese rich regions, which causes a smaller s- d exchange scattering and thus a slower 
spin relaxation. Because of the stability of excitons at low temperatures, spin relaxation 
times become smaller at higher temperatures. In order to get some feeling for this effect, 
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Figure 7.9: Comparison of electron and hole wavefunctions in an exciton-bound state and 
in a free state, located in a quanturn well. The exciton electron and hole wavefunctions 
penetrate less into the harrier due to their mutual Coulomb attraction. 

the exciton radius can be calculated, using [PYu98] 

(7.3) 

where aexc is the exciton radius, J.L is the reduced mass of the electron and the hole and aB 

is the Bohr radius. Equation 7.3 prediets an exciton radius of about 50Á, i.e. smaller than 
the well width for all of our samples, for a relative dielectric constant of 9 and a reduced 
mass of 0.1 m. Since the wavefunctions of free carriers always penetrate somewhat in the 
harrier, the effect described above does apply in the present case. The decrease of the 
spin relaxation time with temperature in the quanturn well is thus a result of two effects: 
first, a decreasing electron-hole scattering, since at higher temperatures less electrens are 
bound in excitons, and secondly, an increased penetratien of the electron wavefunction in 
the harrier, due to both the spreading of the electron wavefunction at higher temperatures 
and the larger percentage of electrens not bound in excitons. 

From the ratio between the calculated spin relaxation times (;~1-!n) , it can be seen 
7e-Mn 

that the free electron wavefunctions must penetrate into the harrier almost three times 
more than the exciton wavefunction, to explain the different relaxation times, which seems 
reasonable. 

At higher temperatures, only total electron spin relaxation times are available. They 
show a decrease from 25 ps at 80 K to 18 ps at room temperature. This can be explained 
by a larger penetratien of the electron wavefunction into the harrier. However, compared 
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Partial spin relaxation times in ps 
e-Mn (free) 4.8 

e-Mn ( exci ton) 2.6 
h-Mn + h-ph (free) 15-20 

h-Mn + h-ph (exciton) 4.0 
e-h (free) 110 

e-h (exciton) 35 

Table 7.3: Partial spin relaxation times of the different relaxation mechanisms for sample 
4(80Á)/O. Hole-phonon scattering and hole manganese scattering cannot be distinguished. 

to the data at 5 K all these spin relaxation times are too high (higher than both r:,~c and 
rf~ee at 5 K). This probably means that the free electron relaxation time is not correct: as 
m~ntioned before this value has been measured without a monochromator, so the measured 
value can be affected by the exciton. A further problem is the low g-factor ( < 1) of the 
electrans in this particular quanturn well (O(lOOÁ)/10) at low temperature and, as a result, 
the low separability of the electron spin dynamics. It is thus important to repeat this 
measurement with the use of the monochromator. 

For the structures containing manganese inside the well a complete set of experiments 
has been performed at low temperatures. The measured relaxation times at 5 K can be 
ascribed almost completely to scattering on manganese, since electron-hole scattering is 
at least one order of magnitude smaller, leading to electron-manganese spin-flip scattering 
times of 4.8 ps and 2.6 ps for free electrans and exciton bound electrons, where again the 
bulk electron-hole scattering rates have been used. For higher temperatures the electron 
relaxation times show an increase of up to 4.7 ps at 160 K that can be explained by the 
"breakdown" of the exciton. For temperatures higher than 160 K the further rise of decay 
times is possibly due to penetration of the electron wavefunction out of the well into the 
harrier . 

The hole spin dynamics can be treated similar to the electrons. Since electron-hole scat
tering is for this sample only of minor importance, the measured hole spin relaxation times 
are directly coupled to a combined hole-manganese and hole phonon spin-flip scattering 
time of 4.0 ps and 15-20 ps at 5 K. 

A summary of partial relaxation times due to the various relaxation mechanisms is 
given in table 7.3. The observed trend of a slower e-Mn scattering for the free electron 
would be compatible with a higher delocalization out ofthe manganese rich wells. However, 
the difference in relaxation rates between free carriers and carriers bound in an exciton 
seems too large (a factor of 2) to be explained this way. Contrary to the situation in the 
quanturn wells with manganese in the harrier, like in sample 0(100Á)/10, the overlap of 
carrier and manganese wavefunctions does not change much upon a larger penetration in 
the harrier. For example, if the penetration into the harrier changes from 0.05 to 0.1, the 
overlap of the carrier wavefunction with manganese rich regions changes from 0.95 to 0.9 
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(relative reduction by 5%) and 0.05 to 0.1 (relative increase by 100%), for manganese in 
the well and harrier, respectively. In conclusion, a mechanism is required that causes a 
different scattering on manganese for free carriers and exciton bound carriers, which is 
not solely describable by a different overlap with manganese. To avoid this problem the 
next section will discuss a model that takes the quanturn wells with manganese inside as 
a starting point. 

7.5.3 Hypothesis 2: no directexciton effect in scattering on man-
ganese. 

The model from the previous section suffered from the problem of different scattering 
rates on manganese for free and exciton bound carriers, which could not be explained by 
assuming different penetratien depths of the wavefunctions into the harrier. In order to 
evereome this problem, 

the assumption is made that scattering rates on manganese are in principle 
equal for electrans in bath states. 

This can be achieved only by allowing for a manganese dependenee of the electron-hole 
scattering, which was explicitly excluded in the analysis of the previous section. 

For sample 4(80Á) /0 all the net relaxation times are available for 5 K, which makes it 
a good sample to start an analysis. Initially only the electron spin dynamics and exciton
hole spin relaxation times are taken into account. In order to explain the difference in 
the spin relaxation of free electrens and exciton-bound electrons, it is proposed that spin 
relaxation via electron-hole scattering is more efficient for exciton states than for free 
states. A possible justification for this assumption was described in section 7.5.2: In the 
exciton state electrens and holes are located relatively close to each other. Therefore the 
electron-hole spin scattering becomes strenger and spin relaxation times are thus shorter 
for electrens and holes in the exciton state. 

If the differences in free electron and exciton-bound electron spin relaxation times are 
ascribed to electron-hole scattering, then the possible solutions are all in between two 
extrema: one where there is no electron-hole scattering except in the exciton state, and 
one where hole-phonon scattering and hole p- d exchange scattering play no role. The 
last two mechanisms cannot be separated by the limited set of experimental data. Both 
solutions are given in table 7.4: At low temperatures hole spin scattering occurs at a very 
low rate. The real partial spin relaxation times are thus probably closer to the second set 
than to the first. Furthermore, the first set shows an extreme difference between the values 
for the electron-hole scattering time for respectively free electrens and electrens bound in 
an exciton. This also makes the second set more likely. Both solutions ( the first with 
rf~ee = 13.4 ps, and the second with rf~ee = 15 ps) describe the measured value for the 

' ' unbound hole relaxation time of 15-20 ps relatively well. 
At higher temperatures hole-phonon and hole-manganese scattering become dominant, 

because of the larger amount of phonons available and the larger spread in hole k-values. 
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1 2 
e-Mn 4.8 ps 7.4 ps 
e-h (free) 00 15 ps 
e-h ( exciton) 5.7 ps 4.0 ps 
h-Mn + h-ph 13.4 ps 00 

Table 7.4: Partial spin relaxation times for the different relaxation mechanisms that can 
explain the totalspin relaxation times observed. Hole-phonon scattering cannot be distin
guished from hole p - d exchange scattering. 

The hole spins relax very fast and their relaxation times approach zero ( <0.5 ps). While 
the free electron spin relaxation remains about constant, the value for the exciton bound 
electron rises from its original value to the original free electron value. The thermal energy 
of the electrens becomes equal to the exciton binding energy and a smaller fraction of 
electrens is in an exciton bound state, and the exciton electron signal is overwhelmed by 
the unbound electron signal. 

Further increase of the temperature makes the electron spin relaxation time rise to 
6.3 ps at room temperature. From the perspective of partial relaxation times, this can be 
explained by a larger penetratien of electron and hole wavefunctions into the harrier, which 
causes a larger spread of electrens and holes. Also the overlap of electron and manganese 
wavefunctions becomes smaller, since there is no manganese in the harrier. 

Sample 7(80Á)/O has the same structure as sample 4(80Á)/O except fora higher man
ganese concentratien in the well (7%). Therefore the manganese related relaxation times 
become smaller. A drop of the characteristic time for electron s - d exchange interaction 
to 4.4 ps can explain the relaxation time at 80 K if electron-hole scattering is considered 
to be constant with temperature. However the electron-hole scattering can very well be 
different at 80 K than at 5 K, because of the different contribution of the holes over the 
heavy hole and light hole states. Thus, in order to be able to draw any conclusions, the 
relaxation times for this sample also have to be known at 5 K, which was not possible 
which the current opties set in the Ti:sapphire laser. 

The characteristic relaxation times for the samples without manganese inside the well 
are much larger than those for samples with manganese in the well. Relaxation in wells 
without manganese occurs even slower than the electron-hole scattering in an exciton. So 
even if the sp - d exchange scattering of electron and holes on manganese would become 
zero, relaxation inside the magnetic quanturn wells would still be faster than in the non
magnetic well. Thus a consequence of this approach is that it requires that electron-hole 
scattering is enhanced by the presence of local magnetic manganese moments. In order 
to check this it is recommended to measure also for the wells without any manganese 
inside, samples 0(100Á)/10 and 0(65Á)/10, the separate relaxation times (both electrens 
and holes) for free carriers and excitons. 

Table 7.2 shows that at 5 K the unbound electron spin relaxation time appears to be 
smaller than the relaxation time for electrens bound in an exciton state. These data have, 
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Partial spin relaxation times 
e-Mn [4(80A)/O] 2.6- 7.4 ps 
e-Mn [0(100A)/10] 22- 59 ps 
e-h (free) > 15 ps 
e-h ( exciton) 4- 35 ps 
h-Mn + h-ph [4(80A)/O] > 4.0 ps 

Table 7.5: Possible partial spin relaxation times at 5 K for the different relaxation mecha
nisms after combination of both models. Hole-phonon scattering is not distinguished from 
hole p - d exchange scattering. 

however, been obtained without the use of a monochromator and there is thus no strict 
separation of contributions to the magneto-optical signalof electrans that are in an exciton 
state and electrons that are not. If the relaxation is really faster for unbound electrons than 
for electrons bound in an exciton, this means that the effect of more overlap of electron 
wavefunctions with manganese in the harrier for the unbound electron is larger than the 
effect of a shorter electron-hole distance in an exciton. Also here, measurements with a 
monochromator may provide a final answer. 

7 .5.4 Comparison of models 

The two approaches sketched in the previous paragraphs show that it is possible to explain 
the spin dynamics in cadmium manganese telluride quanturn well structures while fulfilling 
one of two conditions. The first model keeps the electron-hole scattering rates independent 
from the fraction of manganese atoms in the structure, but it cannot explain the magnitude 
of the difference in spin relaxation times between electrons bound in excitons and free 
electrons. The second model can explain this difference, but at the price of an electron
hole spin-flip scattering rate that is dependent on the manganese content of the structure. 

There are two ways out of this situation. First, complementary measurements may 
show that spin relaxation by scattering on manganese really is different for electrons that 
are bound in excitons and free electrons, or that electron-hole scattering depends on the 
manganese content of the structure. Secondly, still another relaxation mechanism may 
exist, which has different scattering rates for free electrons and excitons, and is of the same 
order as the other mechanisms discussed. At this stage it seems the most likely that indeed 
scattering on manganese is influenced by the exciton, but more measurements are needed 
to draw final conclusions. 

It is, though, possible to draw some preliminary conclusions. The relaxation times 
found from both hypotheses can be put together. Then, all values for the spin relaxation 
times that are not in agreement with at least one of the models are excluded. At low 
temperatures (5 K) this procedure leads to the partial spin relaxation times given in ta
bie 7.5. Without further information about the validity of the models it can be concluded 
that at 5 K electron-hole scattering for free electrons and holes is only of minor impor-
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tance in structures containing manganese, either in the quanturn well or in the harrier. 
Electron-manganese scattering, on the other hand, is always important, independent of 
which model is used. Both' ~odels are also in agreement with respect to the hole-phonon 
and hole-manganese spin-flip scattering rates: At low temperatures scattering times are 
in the order of several picoseconds, diminishing with an increasing temperature. However, 
as mentioned before, final conclusions require more measured data, especially for samples 
without any manganese in the quanturn well. 
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Chapter 8 

Conclusion and Outlook 

TiMMS has proved to be a very useful tool in a study of spin dynamics. By using TiMMS 
one gets direct access to the magnetic moments of carriers. It is therefore easy to directly 
monitor the decay of a spin imbalance with time. Moreover, by application of a per
pendicular magnetic field it is possible to discriminate between the dynamics of different 
types of carriers and local magnetic moments, due to the different g-factors and precession 
frequencies of the components. 

In this project TiMMS is applied to structures of Cd1_xMnx Te quanturn wells. A first 
attempt is made to identify the spin relaxation mechanisms. Particular emphasis has been 
on the temperature dependenee and the role of excitonic effects, which have not been 
reported in a detailed way in literature so far. 

For structures with magnetic manganese ions inside the quanturn wells hole spin relax
ation occurs via the p - d exchange interaction. Also electron-hole scattering and hole
phonon scattering play a role. The hole scattering at high temperatures is dominated by 
the hole-phonon and the p- d exchange interaction. Hole spin relaxation times in this 
temperature regime are smaller than 0.5 ps. At low temperatures these scattering mecha
nisms become less effective and electron-hole scattering may be of importance. Hole spin 
relaxation timescan be up to 20 ps. 

The electron spins relax mainly through s-d exchange interaction, but it is possible that 
also electron-hole scattering is of some importance. The observation that the electron spin 
relaxation time increases with temperature from 3 ps at 5 K to 8 ps at room temperature 
for a CdMnTe quanturn well containing 4% manganese (sample 4(80Á)/O), is attributed 
to a stronger electron-hole scattering in the exciton state, compared to an unbound state. 

For quanturn wells containing no magnetic cations in the well, but only in the harrier, 
electron spin relaxation times are in the order of tens of picoseconds. For low temperatures 
the main scattering mechanism is electron-hole scattering. If the harrier material contains 
magnetic ions, in this case manganese, also sp- d exchange scattering of electrans and 
holes with the magnetic ions takes place. Since the electron and hole wavefunctions can 
penetra te into the harrier, there is an overlap of their wavefunctions and a nonzero chance 
for the interaction. This interpretation is in agreement with the different spin relaxation 
times for different well widths. 
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Two models have been set up that describe the spin dynamics in DMS materials rela
tively well. However, both imply a nontrivial consequence: either the electron-hole scat
tering is dependent on the manganese content or the scattering on manganese is directly 
dependent on excitons. Both models could not be completely excluded. A third possibility, 
however, would be a new model that takes other interactions into account. 

In order to investigate which model works best, a more structural investigation of spin 
dynamics is needed, filling in the "blanks" in the table of spin relaxation times, table 7.8. 
It is also useful to perform a new series of measurements on samples that have the same 
amount of manganese in the harrier and in the well. In these samples spin dynamics 
cannot change due to a changed overlap with manganese upon varying the penetration of 
the wavefunction into the harrier. Thus, it is possible to check whether there is a direct 
effect of excitons on scattering on manganese. If more samples are grown that only differ 
in manganese content, also the dependenee of electron-hole scattering on manganese can 
be verified. Especially, in the sample containing no manganese at all, the electron-hole 
scattering can be investigated separately, which provides a "zero-measurement" for all 
measurements of scattering on manganese. 

For investigation of the hole spin dynamics in quanturn well structures with no man
ganese in the well probably longer timescans have to be measured, which would require 
replacement of the current delay line with a longer one. 

In view of spintronie applications, highly interesting extensions of the current exper
iments on DMS's would be application of TiMMS to ferromagnetic semiconductors and 
hybrid semiconductor-ferrometal structures. As to the first, a first attempt has been made 
of measuring spin dynamics in real ferromagnetic semiconductors, where EuS was used 
as a model structure. As to the second, a TiMMS study is planned on spin dynamics 
in a GaAs/ AlGaAs quanturn well in contact with a ferromagnetic nickel thin film. These 
measurements will allow comparison of spin relaxation channels in different magnetic semi
conductor based structures. 
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Chapter 9 

Technology Assessment 

Modern semiconductor technology is entirely based on the charge of electrons. However, 
a whole new range of devices and applications would be possible if also the (magnetic) 
spin information of electrous were used. The study of electronic devices that also use the 
electron spin is called spintronics. 

Spintronies is nowadays a hot topic in solid state physics. Reports have appeared de
scribing the first spintronie devices: spin diodes and spin transistors. Spintronies is claimed 
to potentially lead to smaller devices than current electranies and additional (magnetic) 
functionality. Moreover, devices based on spintronies allow for so called reprogrammable 
logic. These are logic devices, with a function determined by the spin of the components, 
which can be controlled by application of a magnetic field. Another challenging future 
application is quanturn computing, in which collective behavior of electron spins is used to 
perform logical operations. However, despite their great potential, most spintronie appli
cations are still in an early stage of development. 

Interesting materials for spintronies are semiconductors with permanent or optically or 
electronically injected magnetic moments, which can be used to manipulate spin. Three 
important classes can be distinguished. A few real ferromagnetic semiconductors exist, like 
europium sulphide, with a Curie temperature of 16 K. Another class is formed by hybrid 
structures of ferromagnets and semiconductors like GaAs/ Al GaAs/Fe. The third group 
are the diluted magnetic semiconductors, DMS, subject of this report. 

Conventional DMS structures are 11-VI semiconductors like Cd Te or ZnS, with a part 
of the cations replaced with magnetic ions, mostly manganese ions. The manganese has an 
exactly half filled d-electron shell and thus a spin of 5/2. On the one hand, these magnetic 
moments can be used to manipulate the behavior of the spins of the excited electrons, 
which provides a tool in the construction of spintronie devices. On the other hand spin 
relaxation in DMS is faster than in semiconductors without magnetic ions. 

Some of the DMS's become ferromagnetic at relatively high temperatures. Curie tem
peratures up to 110 K have been reported for Ga0.95 Mn0.05As, whereas ferromagnetism at 
room temperature has been predicted, e.g. in Ga0.95 Mn0.05 N. This is a promising result for 
future applications of magnetic semiconductors. 

In this report two central issues in the development of spintronies are addressed: spm 
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injection and lifetime. An optical method for spin injection in semiconductors is described. 
By means of spin-selective excitation an excessof spin-up electrans is created in the conduc
tion band compared to the amount of spin-down electrons. At the same time an excess of 
spin-down holes is created in the valenee band. This report describes a sensitive magneto
optical technique that allows to measure the spin dynamics after optical injection. Such 
information is of crucial importance for the development of future semiconductor based 
spintronics. In the main part of this thesis a detailed study of the spin dynamics m 
manganese-doped II-VI semiconductor quanturn well structures is discussed. 
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